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ABSTRACT 


Progress  ia  reported  on  rapid  methods  for  gelling  aircraft  fuela. 
The  moat  promiaing  systems  consist  of  amines  and  diisocyanates. 

The  properties  of  the  gel  are  influenced  by  the  structure  of  the  amine 
and  isocyanate.  Various  types  of  gels  can  be  produced.  These 
include  particulate,  viscoelastic,  and  dilatant  gels.  Gelation  rates 
as  fast  as  0.  04  second  were  obtained.  In  addition,  several  systems 
will  rapidly  gel  fuel  from  -55  *C  to  60*C.  The  results  show  that  the 
various  gels  will  retard  the  burning  rate  of  the  fuels  and  will  contain 
the  fuel  while  burning.  The  viscoelastic  and  dilatant  gels  have  ex¬ 
cellent  impact  properties.  The  gelation  of  aircraft  fuel  will  signifi¬ 
cantly  decrease  the  fuel  vaporisation  rate.  A  comparison  was  made 
of  the  various  gels  prepared.  Some  of  the  gels  are  almost  as  effective 
at  2.  5  weight  percent  concentration  as  at  a  concentration  of  4.  0  weight 
percent. 
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SUMMARY 


This  research  program  was  concerned  with  the  investigation  of 
various  techniques  by  which  hydrocarbon  fuels  may  be  rapidly  solidified. 
The  purpose  of  this  investigation  was  to  develop  a  gelling  system  that 
will  rapidly  gel  aircraft  fuel  and  prevent  fuel  misting  if  the  fuel  tank 
is  ruptured  in  a  plane  crash. 

Previous  experience  has  shown  that  two  chemical  systems 
appeared  promising  for  the  rapid  solidification  of  hydrocarbon  fuels. 

One  involved  the  reaction  of  dibasic  acid  chlorides  with  amines  to  form 
amides  or  polyamides.  The  second  system  consisted  of  reacting  isocya¬ 
nates  with  amines.  Both  systems  have  extremely  fast  reaction  rates 
and  were  considered  worthy  of  investigation. 

With  respect  to  the  'nvestigation  of  the  polyamide  system, 
several  dibasic  acid  chlorides  and  amines  were  synthesized  and  eval¬ 
uated  by  reacting  them  in  the  presence  of  JP-4.  The  compiled  data 
indicate  that  when  a  specific  primary  monoamine  is  reacted  with 
various  dibasic  acid  chlorides,  the  results  obtained  with  respect  to 
the  gelation  of  JP-4  are  essentially  the  same.  In  all  of  the  experiments, 
an  excess  of  the  amine  was  used  in  order  to  remove  the  HC1  formed. 

In  view  of  the  aforementioned  observations,  a  series  of  tests 
were  made  in  which  various  amines  were  dissolved  in  JP-4  and 
hydrogen  chloride  gas  was  bubbled  into  the  solution.  In  all  instances, 
the  same  type  of  gel  or  precipitate  was  obtained  with  the  amines  as 
was  obtained  whe  i  the  amines  wer>  reacted  with  various  dibasic  acid 
chlorides.  Thus  the  data  show  that  the  gels  that  were  obtained  were 
due  to  the  formation  of  the  amine  hydrochloride  and  not  the  amide  or 
polyamide  formation. 

The  major  effort  during  this  program  involved  the  reaction  of 
isocyanates  and  amines  to  produce  substituted  ureas.  Early  in  the 
program,  experiments  showed  that  the  rate  of  gelation  and  the  type  of 
gel  obtained  depended  on  the  structure  of  both  the  amine  and  the 
isocyanate. 

Several  gelling  systems  were  developed  that  will  rapidly  gell 
JP-4.  The  rates  of  gelation  ranged  from  several  minutes  to  as  fast  as 
0.  04  second.  It  was  of  interest  to  note  that  the  majority  of  the  more 
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rapid  gelling  system*  involved  the  use  of  certain  aromatic  diisocyanates 
and  either  an  aliphatic  amine  or  an  alkoxyamine. 

Various  types  of  gels  were  also  prepared  by  varying  the 
structure  of  the  amine  or  isocyanate.  For  example,  an  aliphatic 
diisocyanate  such  as  hexamethylene  diisocyanate  and  an  alkoxyamine 
(2 -ethylhexyl - 3 -aminopropy  1  ether)  converts  JP-4  into  a  tough  visco¬ 
elastic  gel.  This  gel  has  excellent  impact  properties  in  that  it  contains 
the  fuel  under  impact  conditions. 

Numerous  systems  were  also  developed  that  will  convert  JP-4 
into  a  particulate  type  cf  gel.  This  type  of  gel  was  obtained  with 
aliphatic,  aromatic  and  alicyclic  amines,  or  diamines,  as  well  as  the 
corresponding  isocyanates  and  diisocyanates.  In  general,  the  systems 
producing  the  particulate  gels  had  fast  rates  of  gelation  and  good 
burning  properties  in  that  there  was  little  or  no  flow  of  the  gel  while 
burning. 

The  use  of  aromatic  triisocyanates  and  aliphatic  amines  or  alk- 
oxyamines  converted  JP-4  into  a  tough  dilatant  gel.  An  example  of 
this  system  is  2,4,6-toluene  triisocyanate  and  2-ethylhexyl-3-amino- 
propyl  ether.  This  gel  had  excellent  burning  properties  in  that  it 
significantly  decreased  the  rate  of  burning  and  showed  no  tendency  to 
flow.  The  disadvantage  of  this  system  is  that  the  triisocyanate  is  a 
solid  and  only  s’ightly  soluble  in  JP-4  at  room  temperature. 

It  was  desirable  to  prepare  a  fuel  gel  that  would  retard  the 
burning  rate  and  would  not  melt  while  burning.  During  this  program 
various  gelling  systems  were  designed  that  would  not  melt  while 
burning  and  would  retard  the  burning  rate.  Some  of  the  gels  burned 
as  long  as  15  to  16  minutes  and  did  not  melt.  Under  the  same  condi¬ 
tions  an  equal  weight  of  JP-4  burned  in  approximately  1.  0  minute. 

The  particulate  type  of  gels  displayed  the  best  burning  properties.  It 
was  also  of  interest  to  note  that  those  gels  prepared  from  compounds 
containing  a  high  percentage  of  aromatic  rings  as  well  as  halogen 
substituted  aromatic  rings  significantly  retarded  the  burning  rate. 
Typical  additives  are  th«'  9  -  ethoxyethylamine-4,  6-dimethyl- 1, 
3-xylylene  diisocyanate  system  and  the  4-chlorobenzylamine-m- 
xylylene  diisocyanate  system. 

Some  information  was  also  obtained  concerning  the  vaporization 
rate  of  gelled  JP-4  as  compared  to  liquid  JP-4.  With  liquid  JP-4,  an 
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air  velocity  of  20  liters/minute  wai  required  to  reduce  the  hydrocarbon 
vapors  below  the  exploaive  limits.  One  of  the  best  systems  was 
4-chlorobenzylamine  and  4,  6-dimethyl- 1,  3-xylylene  diisocyanate. 
These  additives  at  a  total  concentration  of  4.  0  weight  percent  retarded 
the  vaporization  rate  to  the  point  where  2.  5  liters  of  air/minute  was 
enough  to  decrease  the  hydrocarbon  concentration  below  the  explosive 
limits. 


A  series  of  tests  were  made  in  an  effort  to  evaluate  the  various 
gelling  systems.  Of  the  numerous  systems  compared,  some  have  fast 
gelation  rates,  some  have  excellent  burning  properties  (retarded 
burning  rate),  and  some  have  good  impact  properties  in  that  they 
contain  the  fuel  under  impact  conditions.  Examination  of  the  results 
shows  that  several  of  the  additive  systems  received  excellent  ratings 
in  two  or  more  of  the  tests;  however,  no  additive  system  was  developed 
that  excelled  in  all  of  the  evaluation  tests.  The  results  obtained  from 
these  experiments  do  show  a  trend  and  indicate  the  types  of  structures 
that  should  produce  the  optimum  gel. 


CONCLUSIONS 


Various  amines  and  dibasic  acid  chlorides  were  evaluated 
during  the  course  of  this  program.  With  the  compounds  used  and 
the  conditions  under  which  they  were  evaluated,  it  is  concluded  that 
the  gels  obtained  were  produced  by  the  formation  of  the  amine 
hydrochloride  and  not  by  amide  or  polyamide  formation. 

The  major  effort  during  this  program  was  spent  in  the 
synthesis  and  evaluation  of  amines  and  isocyanates.  It  was  found 
that  the  structure  of  both  the  amine  and  the  isocyanate  influence  the 
rate  of  gelation,  the  burning  rate,  the  vaporization  rate,  the  gel 
rigidity,  and  the  properties  of  the  gel  under  impact  conditions. 

Several  gelling  systems  were  developed  that  have  extremely 
fast  rates,  the  fastest  being  0.04  second.  The  structure  of  the 
reactants  significantly  influenced  the  rate  of  gelation.  For  example, 
with  a  specific  amine,  the  rate  of  gelation  was  faster  u^ing  4,  6- 
dim ethyl*  1,  3-xylylene  diisocyanate  than  it  was  using  m-xylylene 
diisocyanate.  The  rate  of  gelation  was  also  influenced  by  the 
structure  of  the  amine.  With  the  same  diisocyanate,  dodecenyl-2- 
aminoethyl  ether  had  a  faster  gelation  rate  than  did  2-ethylhexyl-3- 
aminopropyl  ether. 

During  the  course  of  this  investigation,  various  types  of  gels 
were  prepared.  Some  of  the  gels  were  particulate,  others  visco¬ 
elastic,  and  some  displayed  dilatancy. 

The  particulate  gels  were  normally  obtained  using  aromatic 
diisocyanates  with  aromatic  or  aliphatic  amines.  The  general  proper¬ 
ties  of  this  type  of  gel  were  the  good  gelation  rates  and  good  burning 
properties  in  that  the  burning  rate  was  significantly  retarded.  In 
addition,  they  contained  the  fuel  while  burning,  as  they  did  not  melt 
or  flow.  The  majority  of  the  additive  systems  producing  particulate 
gels  functioned  over  a  wide  temperature  range;  however,  at  the  maxi¬ 
mum  ranges  (-55*C  to  60 4C),  many  of  the  systems  lost  some  of  the 
gel  strength  and  the  gelation  rate  was  retarded.  Regarding  the 
impact  properties,  these  gels  did  contain  a  high  percentage  of  the  fuel; 
however,  some  was  lost  in  the  impact  test.  The  gel  that  was  thrown 
from  the  container  remained  in  lumps  and  did  not  form  a  mist. 
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The  viscoelastic  type  of  gel  was  usually  obtained  when  either 
the  isocyanate  or  the  amine  contained  an  ether  linkage.  The  best 
viscoelastic  gels  were  prepared  using  aliphatic  diisocyanates  and 
alkoxyamines.  This  class  of  compounds  rapidly  gelled  the  fuel  and 
functioned  exceptionally  well  over  the  entire  temperature  range 
investigated.  They  significantly  retarded  the  fuel  vaporization  rate 
and  displayed  excellent  impact  properties.  These  gels  contained  all 
of  the  fuel  when  subjected  to  an  impact  force  of  580  C's.  They  did 
have  poor  burning  properties  in  that  once  ignited  they  melted  and 
flowed  over  a  wide  area. 

The  dilatant  gels  were  obtained  using  aromatic  triisocyanates 
and  certain  aliphatic  or  alkoxyamines.  These  gels  displayed  inter* 
esting  properties  in  that  they  could  be  shaped  or  molded.  If  not 
contained,  they  had  a  tendency  to  flow;  however,  when  subjected  to 
shear  they  became  quite  rigid,  and  under  impact  conditions  they 
would  "bounce  like  a  rubber  ball".  If  one  considers  the  impact  prop¬ 
erties,  burning  properties,  gel  strength,  and  effect  on  fuel  vapori* 
zation  rate,  the  dilatant  gels  are  the  best  gels  prepared  to  date.  The 
disadvantage  of  this  system  is  that  the  aromatic  triisocyanates  evalu¬ 
ated  during  this  program  are  relatively  insoluble  solids  and  as  such 
cannot  be  rapidly  injected  into  the  fuel. 

Various  tests  were  made  to  evaluate  the  gels  with  respect  to 
the  rate  of  gelation,  burning  properties,  vaporization  rate,  gel 
rigidity,  and  performance  under  impact  conditions.  F  amination  of 
the  results  shows  that  several  of  the  additive  systems  performed 
exceptionally  well  in  two  or  more  of  the  tests;  however,  no  additive 
system  was  developed  that  excelled  in  all  of  the  evaluation  tests. 

The  results  indicate  that  the  system  which  will  rapidly  gel  the 
fuel,  produce  a  gel  that  will  contain  the  fuel  under  impact  conditions 
and  while  burning,  and  retard  the  burning  rate  is  a  trifunctional 
amine  and/or  isocyanate  containing  both  aromatic  rings  and  ether 
linkages. 
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RECOMMENDATIONS 


It  is  recommended  that  the  investigation  of  urea*  aa  gelling 
agents  for  aircraft  fuels  be  continued.  Evaluation  of  the  results 
obtained  definitely  indicates  that  the  optimum  gelling  system  will 
consist  of  a  trifunctional  amine  and/ or  isocyanate  containing  both 
aromatic  rings  and  ether  linkages. 


With  respect  to  the  triisocyanates,  those  evaluated  during  this 
program  were  solids  and,  as  a  result,  would  not  function  in  the  rapid 
gelation  of  fuels.  However,  the  possibility  exists  that  separation  of 
the  isocyanate  group  from  the  aromatic  ring  by  a  methylene  or  ethyl¬ 
ene  group  will  produce  a  liquid  triisocyanate  having  a  much  greater 
reaction  rate.  This  trend  was  observed  with  diisocyanates.  For 
example,  m-phenylene  diisocyanate  is  a  liquid,  but  the  gelation  rate 
was  slow  when  reacted  with  an  amine  in  JP-4.  p-xylylene  diisocyanate 
is  a  solid,  rr.-xylylene  diisocyanate  is  a  liquid  having  a  rapid  reaction 
rate  with  amines  in  JP-4.  In  the  above  proposed  triisocyanate,  the 
groups  will  be  meta  to  each  other  and  separated  from  the  ring  by  a 
methylene  group.  This  compound  should  contain  the  favorable  proper¬ 
ties  of  the  individual  diisocyanates.  The  proposed  compound  is  listed 
below. 


OCN — (CH2) 


"0" 


(CH2)n— NCO 


(CH2)n  —  NCO 


where  n  is  1  or  2  and  R  can  be  H  or  an  alkyl  group.  This  compound 
can  be  reacted  with  alkoxy  amines  or  aromatic  amines  containing 
halogen  groups  or  alkoxy  groups.  This  combination  would  produce  a 
gellant  high  in  aromatic  rings,  ether  groups  and  a  triurea  linkage. 

Another  type  of  triisocyanate  worthy  of  investigation  is  one 
containing  both  ether  linkages  and  an  aromatic  ring.  Experiments 
using  2-ethylhexyl- 3-a.  linopropyl  ether  and  dodecenyl-2-aminoethyl 
ether  with  various  diisocyanates  have  shown  that  the  presence  of  the 
ether  linkage  significantly  lowers  the  melting  point  of  the  amine.  It 
also  increases  the  temperature  range  at  which  rapid  gelation  will 
occur  and  improves  the  impact  properties. 
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Two  general  formulas  are  Hated  below. 


OCN— (CH2)„— O  A  O— (CH2)n— NCO 


°—  (CH2)n—NC° 


OC  N  -  ( CH2  -  C  H2  — 0)n 


(O— CH2—  CH2)n— NCO 


(O— CH2  — CH2)n— NCO 
II 


In  compound  I,  n  is  1  to  4  and  R  it  H  or  an  alkyl  group.  Some 
of  the  precursor!  for  synthesizing  this  type  of  compound  have  been 
prepared. 

With  compound  II,  n  is  1  through  4  and  R  is  H  or  an  alkyl  group. 
With  this  type  of  compound  it  is  known  that  the  presence  of  the  alkoxy 
group  significantly  lowers  the  melting  point.  This  general  type  of 
alkoxy  linkage  is  present  in  many  liquid  nonionic  surfactants  having 
much  higher  molecular  weights  than  proposed  here. 

The  general  type  of  triisocyanates  discussed  above  can  be 
reacted  with  alkoxyamines,  aromatic  amines,  or  halogen  containing 
amines  to  produce  a  gelling  agent  high  in  ether  linkages,  aromatic 
rings,  and  with  a  triurea  linkage. 

The  second  proposed  approach  to  the  liquid  triisocyanate  is  to 
prepare  an  aliphatic  triisocyanate  containing  ether  linkages.  It  is 
believed  that  this  type  of  triisocyanate  will  undoubtedly  be  a  liquid 
having  a  low  melting  point.  The  presence  of  the  ether  linkers  will 
increase  the  reaction  rate,  and  the  low  melting  point  will  increase 
the  temperature  range  over  which  gelation  will  occur. 

This  type  of  compound  can  be  obtained  from  aliphatic  triols  or 
trihalides.  Two  examples  of  the  types  of  compounds  proposed  are 
listed  on  the  following  page.  For  the  purpose  of  illustration,  trimethylol 
propane  is  used  as  the  aliphatic  trisubstituted  starting  material. 
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O— (CH2)n  — NCO 
CH2 

I 

CH3—  CH2—  C-CH2—  O  (CH2)n— NCO 
CH? 

I  2 

0-(CH2)n— NCO 
III 


(O— CH2— CH2)n— NCO 
CH? 

I 

CHj-CH2- C-CH2  (—  O— CH2 — CH2)„ — NCO 
CH, 

I  2 

(O— CH2-CH2)n—  NCO 
IV 


In  compound  III,  n  is  1  to  4;  in  compound  IV,  n  is  from  1  to  6.  These 
aliphatic  ether -containing  compounds  can  be  evaluated  with  various 
aromatic  amines  or  halogen  substituted  aromatic  amines. 

One  significant  advantage  of  the  proposed  synthesis  of  triiso¬ 
cyanates  is  that  similar  triamines  can  be  synthesized  by  the  same 
process.  Since  the  same  conditions  are  involved  in  the  synthesis  of 
amines,  the  combination  of  synthesized  additives  should  yield  the 
optimum  fuel  gelation  system  as  indicated  by  the  results  obtained 
during  this  program. 
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INTRODUCTION 


The  objective  of  this  program  was  to  investigate  various  chemi¬ 
cal  systems  that  will  rapidly  gel  hydrocarbon  fuels.  The  purpose  of 
such  an  investigation  is  to  rapidly  gel  aircraft  fuel  immediately  prior  to 
an  impending  crash.  Gelation  of  the  fuel  will  prevent  spillage  and 
eliminate  misting  of  the  fuel. 

As  reported  previously,  *  a  rapid  fuel  gelling  system  was 
developed.  This  system  involved  the  reaction  of  lauryl  amine  with 
the  various  isomers  of  tolylene  diisocyanate. 

This  program  was  concerned  with  the  development  of  an  additive 
system  that  will  rapidly  gel  the  fuel,  contain  the  fuel  under  impact 
conditions,  retard  the  rate  of  vaporization,  retard  the  burning  rate  or 
flammability  of  the  gel,  and  contain  the  fuel  while  burning.  Tests  were 
designed  to  evaluate  the  aforementioned  properties.  In  addition,  a 
literature  search  was  made  on  the  gelation  of  hydrocarbons. 


*  A  Study  of  Rapid  Solidification  of  Hydrocarbon  Fuels.  TRECOM 
Technical  Report  63-50,  prepared  by  Southwest  Research  Institute 
for  U.  S.  Army  Transportation  Research  Command,  Fort  Eustis, 
Virginia,  October  1963. 
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DISCUSSION 


Previous  experiments  have  shown  that  the  most  promising 
systems  for  investigation  are  the  polyamides  and  the  ureas.  These 
systems  will  form  gels  that  fall  into  three  general  classifications. 

They  are  particulate  gels,  viscoelastic  gels,  and  dilatant  gels.  The 
general  discription  of  a  particulate  gel  is  one  that  will  form  a  rigid 
structure;  however,  when  placed  under  shear,  the  gel  structure  is 
broken  and  will  not  reform  when  the  force  is  removed.  Viscoelastic 
gels  are  elastic  when  placed  under  stress,  and  when  the  stress  is 
removed,  they  have  a  tendency  to  return  to  their  original  shape. 

Dilatant  gels  show  a  rapid  viscosity  increase  under  stress,  and  under 
a  rapid  application  of  force,  as  occurs  in  a  plane  crash,  the  viscosity 
increase  is  so  great  that  the  gel  performs  as  a  solid. 

AMIDES  AND  POLYAMIDES  AS  GELLING  AGENTS 

Previous  experiments  have  shown  that  amides  and  polyamides 
are  promising  gelling  agents  for  jet  fuels.  The  reaction  between  an 
acid  chloride  and  an  amine  is  extremely  rapid  and  should  be  applicable 
to  the  problem  of  rapidly  gelling  JP-4. 

To  initiate  this  study,  a  series  of  experiments  were  made  in 
which  adipyl  chloride  was  reacted  with  various  amines  in  the  presence 
of  JP-4.  The  results  of  these  tests  are  listed  in  Table  1.  Of  the 
various  amines  investigated,  it  may  be  observed  that  the  resulting 
amides  failed  to  gel  the  fuel. 

In  Table  2,  a  series  of  amines  were  reacted  wjrt^sA^acoyl 
chloride  in  JP-4.  In  run  number  5-39-4,  1.5  weight  percent' sebacoyl 
chloride  and  1 . 5  weight  pe  rcent  Alamine  21D  (coco  amine )  converted 
JP-4  into  a  viscoelastic  gel.  The  gel  was  inferior  to  that  obtained 
with  the  amine-diisocyanate  system  but  it  does  indicate  the  feasibility 
of  the  amide  system. 

The  aforementioned  experiments  and  various  amide  systems 
previously  reported  (TRECOM  Technical  Report  63-50)  have  shown 
that,  in  general,  the  polyamides  made  from  commercially  available 
dibasic  acid  chlorides  have  a  tendency  to  precipitate  from  JP-4.  This 
is  to  be  expected  since  these  materials  were  developed  for  the  purpose 
of  preparing  insoluble  high-molecular-weight  polymers.  As  a  result, 
experiments  were  designed  to  build  into  the  polymer  a  degree  of  hydro¬ 
carbon  solubility.  To  accomplish  this,  several  dibasic  acid  chlorides 
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were  synthesized  via  the  malonic  ester  synthesis.  The  general  reac¬ 
tions  are  listed  below: 


1. 


2. 


(jlOOEt 

(j:H2 

COOEt 


R— Cl 


Na 


(jlOOEt 
Na— (jlH  — 
COOEt 


(jlOOEt 
-r  Na-CjlH 

COOEt 

COOEt 


-r  R-fjlH 

COOEt 


The  product  from  reaction  2  was  hydrolyzed  to  the  corresponding 
dibasic  acid  and  then  converted  to  the  dibasic  acid  chloride. 


3. 


4. 


COOEt 

I 

R-CH  + 

I 

COOEt 


HOH 

"H T" 


COOH 

I 

R-CH 

dlOOH 


COOH 

I 

R-CH  + 

I 

COOH 


PCle 


(jlOCl 
-r  R-CH 

ioci 


The  first  two  dibasic  acid  chlorides  synthesized  were  octyl 
malonyl  chloride  and  dodecyl  malonyl  chloiide.  Analysis  of  the  octyl 
malonyl  chloride  showed  the  product  to  be  essentially  pure  (Chlorine 
analysis:  Theoretical  28 . 0%;  Found,  27.5%).  The  dodecyl  malonyl 
chloride  did  contain  some  impurities  (Chlorine  analysis:  Theoretical 
23.0%;  Found  19.0%).  Infrared  analysis  showed  the  presence  of  a 
small  amount  of  free  acid.  The  possibility  exists  that  a  small  amount 
of  decarboxylation  also  occurred  in  the  "three-step"  synthesis. 

With  respect  to  evaluating  these  dibasic  acid  chlorides,  Table 
3  lists  the  results  obtained  from  the  reaction  of  dodecyl  malonyl 
chloride  with  various  amines  in  the  presence  of  JP-4,  In  run  number 
5-47-1,  dodecyl  malonyl  chloride  was  reacted  with  Alamine  2 ID  (coco 
amine).  The  product  converted  JP-4  to  a  viscoelastic  gel  which 
improved  on  standing.  It  might  be  noted  that  in  run  number  5-39-4  as 
listed  in  Table  2,  when  sebacoyl  chloride  was  reacted  with  the  same 
amine,  the  reaction  product  also  produced  a  viscoelastic  gel.  How¬ 
ever,  this  gel  was  somewhat  firmer  than  the  one  obtained  using  dode¬ 
cyl  malonyl  chloride.  With  the  other  runs  listed  in  Table  3,  the 
product  was  either  soluble  in  JP-4  or  formed  a  flocculent  precipitate. 
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Table  4  lists  the  results  obtained  from  the  reaction  of  octyl  malonyl 
chloride  with  various  amines  in  the  presence  of  JP-4.  In  run  number 
6-6-2,  coco  amine  (Alamine  2 ID)  was  reacted  with  octyl  malonyl 
chloride  to  produce  a  viscoelastic  gel.  The  rigidity  of  this  gel  increased 
somewhat  with  time.  It  may  also  be  observed  that  when  unsaturated 
primary  monoamines  such  as  tall  oil  amine,  oleyl  amine,  and  cotton¬ 
seed  oil  amine  were  reacted  with  octyl  malonyl  chloride,  the  product 
was  soluble  in  JP-4.  With  respect  to  the  diamines,  it  might  be  noted 
that  when  dodecyl  malonyl  chloride  was  reacted  with  dimer  diamine, 
the  product  formeda  flocculent  or  particulate  precipitate;  butwhenoctyl 
malonyl  chloride  was  used,  the  product  formed  a  sticky  semisolid 
which  agglomerated  into  a  wax-like  mass. 

In  attempting  to  analyse  the  results  obtained  by  reacting  various 
amines  with  the  octylmalonyl  chloride  and  dodecyl  malonyl  chloride,  it 
was  of  interest  to  note  that  when  both  dibasic  acid  chlorides  were 
reacted  with  the  same  primary  monoamines,  similar  results  were 
obtained.  These  results  were  compared  with  previously  reported 
results  obtained  with  the  same  amine  and  other  dibasic  acid  chlorides 
(Table  2,  and  Table  2  of  the  Interim  Report  dated  October  1963).  It 
might  be  noted  that  several  runs  in  the  Interim  Report  were  repeated. 
This  was  done  in  order  to  compile  previous  screening  tests  and  have 
all  pertinent  information  immediately  available  so  that  this  system  can 
be  fully  evaluated.  • 

In  analyzing  the  results  obtained  with  specific  amines,  it  was 
surprisingly  noted  that  similar  results  were  obtained  even  though  the 
structures  of  the  aliphatic  dibasic  acid  chlorides  were  quite  different . 

For  example,  using  Alamine  4D  (lauryl  amine)  as  the  specific  amine 
with  adipyl  chloride  (run  number  5-38-2,  Table  1),  the  product  formed 
a  thin  slurry;  and  with  sebacoyl  chloride  (run  number  5-39-6,  Table  2), 
a  dense  slurry  of  voluminous  solids  was  obtained.  With  the  same 
amine,  dodecyl  malonyl  chloride  and  octyl  malonyl  chloride  (Tables  3 
and  4)  formed  similar  products. 

In  an  effort  to  elucidate  the  aforementioned  phenomena,  a  series 
of  tests  were  made  in  which  dodecyl  malonyl  chloride  was  reactedwith 
a  mixture  of  primary  and  tertiary  amines.  Since  the  tertiary  amines 
are  in  general  stronger  bases  than  the  primary  fatty  amines,  it  was 
thought  that  they  would  selectively  react  with  the  HC1.  The  results  of 
these  tests  are  listedin  Table  5.  In  run  number  6-24-1,  dodecyl 
malonyl  chloride  was  reactedwith  a  mixture  of  coco  amine  and  pyridine 
in  JP-4.  The  resultant  viscoelastic  gel  was  similar  to  the  one  obtained 
using  only  dodecyl  malonyl  chloride  and  coco  amine. 
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When  tributyl  amine  was  used  as  the  tertiary  amine  (run  number 
6-25-5),  the  viscoelastic  gel  obtained  was  similar  to  the  one  obtained 
when  the  tributyl  amine  was  omitted. 

In  the  two  preceding  experiments,  the  results  indicate  that  the 
presence  of  the  tertiary  amine  had  little  or  no  influence  on  the  property 
of  the  resultant  ^el.  However,  in  run  number  6-25-6,  n-methyl  mor¬ 
pholine  was  mixed  with  coco  amine  and  the  mixture  was  then  reacted 
with  dodecyl  malonyl  chloride  in  JP-4.  Using  this  tertiary  amine,  no 
gel  was  obtained. 

In  run  number  6-25-8,  tributyl  amine  was  added  to  JP-4.  When 
dodecyl  malonyl  chloride  is  added  to  this  mixture,  a  suspension  of  solids 
is  obtained.  This  indicates  that  some  free  HC1  is  present  in  the  dibasic 
acid  chloride.  However,  when  coco  amine  is  added,  o  viscoelastic  gel 
is  formed. 

When  n-methyl  morpholine  and  dodecyl  malonyl  chloride  is 
added  to  JP-4,  a  fine  precipitate  is  obtained  (run  number  6-25-9).  If 
coco  amine  is  added  to  this  mixture,  the  precipitate  dissolves  but  no 
gel  is  obtained. 

PHOSPHORUS -CONTAINING  DIBASIC  ACID  CHLORIDES  AND  AMINES 
AS  GELLING  AGENTS  - - 

While  investigating  various  dibasic  acid  chlorides  and  amines 
as  gelling  agents  for  JP-4,  a  simultaneous  program  was  conducted  in 
which  phosphorus-containing  dibasic  acid  chlorides  were  evaluated  by 
reacting  them  with  various  amines  in  JP-4.  These  materials  were 
investigated  in  an  effort  to  build  some  fire  retardation  properties  into 
the  gel. 


The  first  dibasic  acid  chloride  of  phosphorus  evaluated  was 
phenyl  dichlorophosphate.  This  compoundwas  reacted  with  various 
amines  in  the  presence  of  JP-4.  The  results  of  these  tests  are  listed  in 
Table  6.  In  runnumber  6-10-1,  the  phenyl  dichlorophosphate  was 
reacted  with  lauryl  amine,  and  the  product  produceda  fine  precipitate 
which  slowly  settled.  With  coco  amine  (run  number  6-10-2),  a  weak 
viscoelastic  gel  was  obtained. 

In  Table  7,  p-tolyl  dichlorophosphate  was  reacted  with  the  same 
amines.  The  products  obtained  with  respect  to  gelation  of  JP-4  were 
essentially  the  same  as  was  obtainedwith  the  phenyl  dichlorophospnate . 
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It  wt i  most  interesting  to  rote  that,  aa  ahown  in  Table  8,  when 
chloromethyl  phoaphonic  dichloride  and  the  same  amines  were  reacted, 
the  results  were  essentially  identical  to  those  obtained  with  the  other 
phosphorus  containing  dibasic  acid  chlorides  even  though  the  structures 
are  quite  different. 

The  compiled  data  indicate  that  when  a  specific  primary  mono¬ 
amine  is  reacted  with  various  dibasic  acid  chlorides,  the  results 
obtained  with  respect  to  the  gelation  of  JP-4  are  essentially  the  same. 

This  observation  has  been  made  with  a  number  of  amines  and  various 
dibasic  acid  chlorides.  In  all  of  these  experiments  an  excess  of  the 
amine  was  used  in  order  to  remove  the  HC1  formed. 

In  view  of  the  aforementioned  observations,  a  series  of  tests 
were  made  in  which  various  amines  were  dissolved  in  JP-4  and  hydrogen 
chloride  gas  was  bubbled  into  the  solution.  In  all  instances,  the  same 
type  of  gel  or  precipitate  was  obtained  with  the  amines  as  was  obtained 
when  the  specific  amines  were  reacted  with  various  dibasic  arid  chlorides. 
Thus,  these  data  show  that  the  gels  that  were  obtained  were  due  to  the 
formation  of  the  amine  hydrochloride  and  not  to  amide  or  polyamide 
formation. 

UREAS  AND  POLYUREAS  AS  GELLING  AGENTS 

During  the  first  year's  contract  on  fuel  gelation,  experiments 
showed  that  JP-4  can  be  rapidly  gelled  using  diisocyanates  and  amines 
as  reactants.  The  most  promising  system  consisted  of  tolylene  diiso¬ 
cyanate  and  a  fatty  amine  such  as  lauryl  amine.  These  addit.ves  formed 
a  particulate  type  of  gel.  The  rate  of  reaction  was  fast,  but  the  resultant 
gel  was  not  as  strong  as  desired. 

During  this  program  a  large  number  of  mcno-  and  diamines  as 
well  as  mono-  and  diisocyanates  were  synthesized  and  evaluated.  These 
compounds  were  synthesized  in  an  effort  to  improve  the  rate  of  gelation, 
increase  the  gel  rigidity,  and  decrease  the  burning  rate.  It  is  known 
that  the  presence  of  halogens  on  a  polymeric  chain  will  retard  the  rate 
of  burning.  In  order  to  determine  the  flame- retarding  effectiveness  of 
halogen  atoms  in  a  gelled  fuel,  experiments  were  initiated  to  prepare 
l-chloro-2,  4-benzene  diisocyanate.  Due  to  the  unavailability  of  the 
diamine  derivative,  it  was  necessary  to  start  with  l-chloro-2,  4 
dinitrobenzene. 
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This  compound  was  reduced  to  the  corresponding  diamine  and 
isolated  as  the  dihydrochloride.  Some  difficulty  was  encountered  in  this 
separation.  The  dihydrochloride  was  then  converted  to  the  corresponding 
diisocyanate  by  phosgenation.  Preliminary  experiments  made  while 
attempting  to  isolate  the  diisocyanate  indicated  that  this  material  did 
not  have  the  expected  reactivity.  Infrared  analysis  showed  this  material 
to  contain  some  l-chloro-2,  4-dinitrobenzene,  This  experiment  was 
repeated  in  order  to  obtain  a  pure  product.  After  the  l-chloro-2,  4- 
dinitrobenzene  was  reduced.it  was  isolated  as  the  free  amine.  This 
eliminated  the  solubility  problem  encountered  with  the  diamine  dihydro- 
chloiide.  The  compound  was  analyzed  by  determining  the  percent  NCO 
present  (theory,  48.0%;  found  42.8%).  The  results  of  the  evaluation  are 
listed  in  Table  9.  In  run  number  6-8-l,the  diisocyanate  was  reacted  with 
lauryl  amine  in  the  presence  of  JP-4.  Immediately  after  the  two  reactants 
were  mixed,  the  product  appeared  to  be  soluble ;  butafter  approximately 
0.  5  hour,  the  product  precipitated  from  the  fuel.  This  phenomenon  had 
not  been  observed  before.  It  was  not  believed  that  the  rate  of  reaction 
was  that  slow  because  with  other  amines  listed  in  Table  9,  the  diiso¬ 
cyanate  reacted  immediately  and  precipitated  from  the  solution. 

If  the  results  listed  in  Table  9  are  compared  with  the  results 
obtained  by  reacting  various  amines  with  other  aromatic  diisocyanates 
(Interim  Report,  October  1963),  it  is  noted  that  the  presence  of  the 
chlorine  group  on  the  aromatic  ring  increases  the  solubility  of  the 
resultant  polyurea  in  JP-4. 

In  addition  to  halo- containing  aromatic  diisocyanates,  aliphatic 
diisocyanates  were  synthesized  in  order  to  determine  the  types  of 
gels  they  will  produce.  The  first  aliphatic  diisocyanate  investigated 
was  decamethylene  diisocyanate.  This  compound  was  prepared  by 
phosgenating  decamethylene  diamine  dihydrochloride.  The  results  of 
the  evaluation  tests  are  listed  in  Table  10.  In  run  number  5-49-1, 

Alamine  21D  (coco  amine)  was  reacted  with  decamethylene  diiso¬ 
cyanate  in  JP-4.  This  system  gelled  JP-4,  but  the  rate  of  gelation  was 
slower  than  was  obtained  with  tolylene  diisocyanate  and  the  same  amine. 

In  addition,  the  gel  obtained  from  the  decamethylene  diisocyanate  and 
coco  amine  was  granular  and  the  fuel  separated  on  standing.  In  run 
number  5-49-2,  lauryl  amine  and  decamethylene  diisocyanate  produced 
a  firmer  gel  than  did  the  above-mentioned  system,  but  the  fuel  again 
separated  on  standing. 
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In  An  effort  to  increase  the  solubility  of  the  resultant  polyurea  in 
JP-4,  Formonyte  608  (oleyl  amine  manufactured  by  Foremost  Chemical 
Products  Company)  was  reacted  with  decamethylene  diisocyanate.  A 
good  gel  which  did  not  separate  on  standing  was  obtained.  However,  the 
gel  is  not  as  rigid  as  the  one  obtained  from  Hylene  TM-65  and  lauryl 
amine. 


In  view  of  the  results  obtained  with  decamethylene  diisocyanate 
and  unsaturated  fatty  amines,  a  series  of  tests  were  made  in  which 
hexamethylene  diisocyanate  was  reacted  with  various  amines  in  JP-4. 

The  results  of  these  tests  are  listed  in  Table  11.  In  run  number  6-2-1, 
oleyl  amine  (F ormonyte  608)  was  reacted  with  hexamethylene  diisocyanate 
in  the  presence  of  JP-4.  The  product  formed  a  firm  gel.  With  respect 
to  gel  rigidity,  this  gel  is  superior  to  the  one  obtained  using  Hylene 
TM-65  and  lauryl  amine. 

Tetramethylene  diisocyanate  was  likewise  synthesized  and  eval¬ 
uated  by  reacting  it  with  various  amines  in  JP-4.  The  results  of  these 
tests  are  listed  in  Table  12,  In  run  number  6-26-1,  tetramethylene 
diisocyanate  and  oleyl  amine  rapidly  formed  a  gel  when  reacted  in  JP-4. 
However,  this  gel  was  not  as  firm  as  was  obtained  using  hexametnylene 
diisocyanate.  When  hexyl  amine  was  reacted  with  tetramethylene  diiso¬ 
cyanate  as  shown  in  run  number  6-26-3,  the  reaction  was  so  fast  that 
good  mixing  could  not  be  obtained.  As  a  result,  a  higher  concentration 
of  additives  was  present  near  the  surface  of  the  fuel.  A  rigid  gel  was 
obtained;  however,  in  a  few  minutes  the  fuel  exuded  from  the  gel. 

As  the  various  diisocyanates  were  evaluated,  a  simultaneous 
program  was  carried  out  in  which  various  amines  were  evaluated. 

Previous  results  had  shown  that  the  type  of  gel  obtained  as  well  as  the 
rate  of  gelation  is  greatly  influenced  by  the  structure  of  both  the  amine 
and  the  isocyanate. 

In  order  to  determine  what  effect  an  ether  linkage  has  on  the  gel, 
2-ethylhexyl- 3-aminopropyl  ether  (Amine  80  3)  was  evaluated  by  reacting 
it  with  various  diisocyanates  in  JP-4.  The  results  of  these  tests  are 
listed  in  Table  13.  In  run  number  6-27-1,  Amine  803  was  reacted  with 
Hylene  TM-65.  The  product  formed  a  thick  gel  that  appeared  to  have 
some  viscoelastic  properties.  However,  this  gel  was  inferior  to  the 
one  obtained  using  lauryl  amine  and  Hylene  TM-65.  In  run  number  6-27-2, 
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Amine  80  3  was  reacted  with  hexamethylene  diisocyanate.  The  product 
is  a  tough  viscoelastic  gel.  It  was  of  interest  to  note  that  this  same 
diisocyanate  when  reacted  with  oleyl  amine  produced  a  good  rigid 
particulate  gel.  In  run  number  6-27-3,  the  total  concentration  of 
additives  was  decreased  to  2.0  weight  percent.  The  resulting  visco¬ 
elastic  gel  was  slightly  weaker  than  that  obtained  at  the  4.0  weight 
percent  level.  At  the  1.0  weight  percent  level,  the  gel  obtained  is 
too  weak  for  the  intended  use. 

When  Amine  803  was  reacted  with  tetramethylene  diisocyanate 
(run  number  6-31-4  as  listed  in  Table  12),  a  viscoelastic  gel  was  ob¬ 
tained.  The  ^el  was  inferior  to  the  one  obtained  using  hexamethylene 
diisocyanate  ahd  the  same  amine.  A  mixture  of  Amine  803  and  hexyl 
amine  when  reacted  with  tetramethylene  diisocyanate  lormed  a  firm 
gel  and  did  not  display  any  viscoelasticity.  However,  this  gel  was 
inferior  to  the  one  obtained  with  hexamethylene  diisocyanate  and 
oleyl  amine. 

Since  the  2-ethylhexyl-3-aminopropyl  ether  when  reacted  with 
aliphatic  diisocyanates  in  JP-4  forms  viscoelastic  gels  which  should 
display  good  properties  under  impact  conditions,  an  ether-containing 
aromatic  diisocyanate  was  synthesized  and  evaluated.  This  ether - 
containing  diisocyanate,  4- m ethoxy- m-phenylene  diisocyanate,  was 
synthesized  by  phosgenation  of  the  corresponding  diamine  dihydro¬ 
chloride.  This  compound  is  a  solid  having  a  melting  point  of  73-74*C 
(literature  reported  a  mp  of  75'C).  This  material  was  evaluated  by 
reacting  it  with  various  amines  in  the  presence  of  JP-4.  The  results 
of  these  tests  are  listed  in  Table  14.  Because  of  its  low  solubility  in 
JP-4,  it  was  necessary  to  heat  the  fuel.  It  is  realized  that  this 
insolubility  eliminates  4-methoxy-m -phenylene  diisocyanate  as  a 
potential  fuel  gellar.t;  however,  these  tests  were  made  in  order  to 
determine  the  effect  of  the  methoxy  group.  It  can  be  noted  that  with 
both  coco  amine  and  2-ethylhexyl- 3-aminopropyl  ether,  tough  visco¬ 
elastic  gels  were  obtained.  However,  due  to  the  insolubility  of  the 
diisocyanate  and  the  slow  rates  of  gelation,  no  further  work  was  done. 

During  the  early  phase  of  this  program,  two  triisocyanates  were 
synthesized.  These  were  l,  3,  5-benzene  triisocyanate  and  2,4,  6-toluene 
triisocyanate.  Since  these  materials  are  solids,  they  were  not 
evaluated  immediately  because  they  cannot  be  rapidly  injected  in  JP-4. 
However,  it  was  decided  to  evaluate  these  compounds  in  order  to 
determine  if  the  product  of  these  trifunctional  materials  and  amines 
will  gel  fuel. 
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The  first  triisocyanate  to  be  reacted  with  various  amines  was 
1,  3,  5-benzene  triisccyanate.  The  results  of  these  tests  are  listed  in 
Table  15.  It  was  noticed  that  the  triisocyanate  is  practically  insoluble 
in  JP-4.  It  was  necessary  to  heat  the  fuel  to  around  65*C  in  order  to 
partially  dissolve  the  triisocyanate.  In  run  number  6-35-1  when  the 
2-ethylhexyl- 3-aminopropyl  ether  was  added,  it  reacted  with  the 
partially  dissolved  triisocyanate.  In  about  one  hour  all  of  the  triiso¬ 
cyanate  had  dissolved  and  reacted  to  form  a  tough  viscoelastic  gel. 

On  cooling,  a  gooddilatant  gel  was  obtained. 

In  view  of  the  insolubility  of  benzene  triisocyanate  in  JP-4,  an 
attempt  was  made  to  prepare  a  concentrated  solution  of  the  triisocy¬ 
anate  and  then  inject  this  solution  into  JP-4.  Numerous  solvents  were 
tested,  but  none  was  found  that  would  dissolve  the  triisocyanate.  Since 
the  compound  was  originally  crystallized  from  hexane,  it  is  believed 
that  the  triisocyanate  had  dimerized. 

While  the  benzene  triisocyanate  was  being  evaluated,  similar 
tests  were  being  conducted  with  2,  4,  6-toluene  triisocyanate.  The 
results  of  these  tests  are  listed  in  Table  16.  The  toluene  triiso¬ 
cyanate  was  also  insoluble  in  JP-4.  However,  to  evaluate  this  system, 
the  JP-4  was  heated  to  approximately  65 *C  in  order  to  partially 
dissolve  the  triisocyanate.  In  run  number  6-36-1,  2-ethylhexyl- 3- 
aminopropyl  ether  was  added  to  the  hot  JP-4  triisocyanate  system. 

In  approximately  5  minutes,  all  of  the  triisocyanate  had  dissolved 
and  reacted.  The  product  converted  the  fuel  to  a  very  tough  gel. 

On  cooling,  a  dilatant  gel  was  obtained.  This  was  undoubtedly  the 
best  gel  obtained  to  date.  This  gel,  containing  a  total  additive  con¬ 
centration  of  4.  2  weight  percent,  could  be  shaped  or  molded.  If  not 
contained,  the  gel  had  a  tendency  to  flow  like  an  extremely  viscous 
solution;  however,  on  impact  it  would  "bounce  like  a  rubber  ball". 

Because  of  the  insolubility  of  this  triisocyanate,  various 
solvents  were  screened  in  an  effort  to  prepare  a  concentrated  solution. 
No  solvent  was  found.  The  possibility  exists  that  the  2,  4,  6-toluene 
triisocyanate  had  dimerized.  When  the  triiwocyanate  was  synthesized, 
it  had  a  melting  point  of  74“  to  76  *C  (literature  reports  a  mp  of  75*C). 
The  material  used  in  the  evaluation  tests  started  melting  at  140 °C  and 
had  not  completely  melted  at  210*C.  This  indicates  that  the  material 
had  dimerized. 
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In  view  of  the  excellent  gels  obtained  with  the  dimers  of  1,  3,  5- 
benzene  triisocyanate  and  2,  4,  6-toluene  triisocyanate,  the  monomers 
were  again  synthesized.  The  first  to  be  synthesized  was  2,4,  6-toluene 
triisocyanate.  One  of  the  difficulties  with  this  material  is  that  it  is  a 
solid  and  dissolves  slowly  in  the  JP--1.  In  order  to  evalurce  this 
material,  it  was  melted  before  addition  to  the  fuel.  The  results  of  these 
tests  are  listed  in  Table  IV.  In  run  number  7-7-1,  the  triisocyanate 
was  reacted  with  2-ethylhexylamine.  This  system  rapidly  gelled  the 
fuel.  The  gel  was  dilatant  and  one  of  the  best  prepared  during  this 
program.  With  coco  amine  a  similar  gel  was  obtained.  It  was  of 
interest  to  note  that  the  gel  obtained  using  2-ethylhexyl-3-amino- 
propyl  ether  (Amine  803)  was  not  as  rigid  as  was  obtained  using  coco 
amine  or  2-ethylhexyl  amine.  When  the  Amine  803  was  reacted  with 
the  dimer  of  2,4,  6-toluene  triisocyanate  (Table  16,  run  number  6-36-1) 
a  more  rigid  gel  was  obtained. 

It  is  necessary  that  the  fuel  additives  are  liquids  so  that  they 
can  be  rapidly  injected  into  the  fuel.  Two  of  the  best  solvents  obtained 
to  date  are  hexamethylene  diisocyanate  and  toluent.  diisocyanate. 

Using  these  two  diisocyanates,  solutions  containing  50  weight  percent 
2,4,  6-toluene  triisocyanate  can  be  prepared  providing  that  the  tem¬ 
perature  of  the  solution  is  maintained  at  30 *C  or  above.  These  solutions, 
each  containing  50  weight  percent  2,4,  6-toluene  triisocyanate,  were 
evaluated  by  reaction  with  various  amines  in  JP-4.  The  results  of 
these  tests  are  listed  in  Table  18.  In  run  number  7-10-1,  the  hexa¬ 
methylene  diisocyanate  (HDI)  Z,  4,  6-toluene  triisocyanate  (TTI) 
mixture  was  reacted  with  2-ethylhexylamine.  This  system  slowly 
thickened  the  fuel;  after  approximately  1  minute  it  formed  a  dilatant 
gel.  It  is  of  interest  to  note  that  when  only  HDI  is  reacted  with  the 
same  amine,  it  slowly  forms  a  precipitate  (run  number  7-6-2  in  Table 
30),  and  TTI  with  the  same  amine  (run  number  7-7-1  in  Table  17) 
rapidly  converts  the  fuel  to  a  dilatant  gel.  If  one  analyzes  the  data  as 
listed  in  Table  18,  it  can  be  noted  that  similar  results  were  obtained 
with  the  isocyanate  solution  consisting  of  50  weight  percent  Hylene 
TM-65  and  50  weight  percent  2,  4,  6-toluene  triisocyanate. 

The  results  obtained  in  the  evaluation  of  1,  3,  5-benzene  triiso¬ 
cyanate  are  listed  in  Table  19.  Of  the  various  tests  run,  it  can  be  noted 
that  the  rate  of  reaction  was  entirely  too  slow.  In  addition,  1,  3,  5- 
benzene  triisocyanate  is  a  solid.  In  order  to  rapidly  inject  the  triiso¬ 
cyanate  into  the  fuel,  it  would  be  necessary  to  keep  the  triisocyanate  in 
a  molten  state  or  have  it  available  as  a  solution.  Neither  would  be 
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feasible,  since  in  the  molten  state  the  triisocyanate  will  slowly  dimer¬ 
ize;  if  it  is  in  solution,  the  solvent  would  be  present  as  excess  weight. 

In  view  of  this,  no  further  work  was  done  using  the  1,  3,  5-benzene  tri¬ 
isocyanate. 

During  the  course  of  this  program,  numerous  aromatic  diisocya¬ 
nates  were  synthesized  and  evaluated  as  gelling  agents.  With  respect 
to  gelation  rate,  several  diisocyanates  reacted  extremely  fast  with  cer¬ 
tain  amines  to  produce  particulate  types  of  gels.  These  gels  displayed 
good  burning  properties  in  that  they  did  not  melt  while  burning  and 
retarded  the  rate  of  burning  when  compared  to  similar  gels  prepared 
from  aliphatic  diisocyanates  and  amines. 

One  of  the  diisocyanates  evaluated  was  p-xylylene  diisocyanate. 
This  diisocyanate  is  a  solid  melting  at  42°  to  44*  C.  The  compound  was 
prepared  by  reacting  1,  4-bis(bromomethyl)  benzene  with  silver  cyanate. 
This  diisocyanate  was  reacted  with  various  amines  in  the  presence  of 
Jp-4.  The  results  of  these  tests  are  listed  in  Table  20.  In  run  number 
7-19-1,  a  precipitate  was  obtained  when  p-xylylene  diisocyanate  was 
reacted  with  coco  amine  in  JP-4.  When  oleyl  amine  (run  number  7- 
19-2)  was  reacted  with  p-xylylene  diisocyanate,  the  product  gelled  the 
JP-4;  however,  the  gel  was  soft  and  easily  broken.  In  run  number  7- 
19-6,  p-xylylene  diisocyanate  was  reacted  with  2 -ethylhexyl- 3 -amino- 
propyl  ether  (Amine  803)  in  JP-4.  The  rate  of  -  eaction  was  too  fast  to 
obtain  good  mixing.  The  product  formed  a  tough  viscoelastic  gel. 
Burning  and  impact  tests  were  made  on  this  gel  and  will  be  discussed 
in  the  Evaluation  section. 

m-Phenylene  diisocyanate  was  also  evaluated  by  reacting  it  with 
various  amines  in  JP-4.  The  diisocyanate  was  prepared  by  phosgena- 
tion  of  the  corresponding  diamine  dihydrochloride.  In  run  number  7- 
23-1,  as  lieted  in  Table  21,  m-phenylene  diisocyanate  when  reacted 
with  oleyl  amine  required  approximately  two  minutes  to  convert  JP-4 
into  a  weak  thixotropic  gel.  It  was  of  interest  to  note  that  this  same 
diisocyanate  when  reacted  with  lauryl  amine  and  coco  amine  immedi¬ 
ately  formed  a  weak,  grainy,  particulate  gel. 

In  run  number  7-23-5,  m-phenylene  diisocyanate  was  reacted 
with  Amine  803  (2-ethylhexyl-3-->minopropyl  ether)  in  JP-4.  This 
system  required  approximately  lu  minutes  before  it  formed  a  tough 
viscoelastic  gel.  The  runs  listed  in  Table  21  show  that  the  rate  of 
reaction  of  m-phenylene  diisocyanate  with  p.imary  amines  is  too  slow 
for  the  gelation  of  aircraft  fuels. 
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In  the  rapid  gelation  of  jet  fuels,  one  important  :riterion  is  that 
th  •  additives  are  liquids  so  t!  .it  they  can  be  rapidly  injected  into  the 
fuel.  The  p-xylylene  diisocyanate,  as  discussed  above,  was  a  solid. 
The  literature  revealed  that  m-xylylene  diisocyanate  is  a  liquid.  In 
view  of  this,  the  m-isomer  was  synthesized  by  phosgenating  the  corre¬ 
sponding  diamine  dihydrochloriae.  In  run  number  7-50-1,  as  listed  in 
Table  22,  the  m-xylylene  diisocyanate-4-chlorobenzyl  amine  system 
instantaneously  formed  a  very  firm  particulate  gel.  Some  free  fuel  was 
observed;  however,  it  is  thought  that  this  was  due  to  inadequate  mixing. 

In  run  number  8-1-1,  the  above  system  was  evaluated  using  a 
total  additive  concentration  of  1.0  weight  percent.  The  gel  was  about 
as  firm  as  when  a  total  of  4.0  weight  percent  additives  was  used. 

When  m-xylylene  diisocyanate  was  reacted  with  p -phenetidine 
(run  number  8-6-1),  a  very  dry  particulate  gel  was  obtained  in  approxi¬ 
mately  1.0  minute.  o-Phenetidine  and  the  same  diisocyanate  formed  a 
precipitate  (run  number  8-6-4). 

In  an  effort  to  investigate  the  influence  of  alkyl  groups  on  the 
aromatic  diisocyanate,  4,  6-dimethyl- 1,  3-xylylene  diisocyanate  was 
synthesized  and  evaluated  by  reaction  with  amines  in  JP-4.  In  run 
number  8-28-1,  as  listed  in  Table  23,  4,  6 -dimethyl -1,  3-xylylene 
diisocyanate  was  reacted  with  4-chlorobenzylamine  in  JP-4  and  instan¬ 
taneously  formed  a  dry  particulate  gel.  This  gel  had  a  greater  cohe¬ 
sive  strength  than  did  the  gel  obtained  wi‘h  the  same  amine  and  m- 
xylylene  diisocyanate.  When  4-isopropylbenzylamine  and  4,  6 -dimethyl - 
1,  3-xylylene  diisocyanate  were  reacted  in  JP-4,  they  instantaneously 
formed  a  dry  particulate  gel  that  could  be  readily  crumbled. 

In  run  number  8-29-4,  p-phcnetidine  when  reacted  with  4,  6- 
dimethyl- 1,  3-xylylene  diisocyanate  rapidly  formed  a  dry  particulate 
gel.  This  same  amine  when  reacted  with  m-xylylene  diisocyanate 
required  more  than  1.0  minute  to  gel  the  fuel  (run  number  8-6-1, 

Table  22). 

When  4,  6 -dimethyl- 1,  3-xylylene  diisocyanate  was  reacted  with 
n-hexylamine  (run  number  8-31  -3),  the  rate  of  reaction  was  too  fast 
to  obtain  good  mixing.  By  dissolving  each  reactant  in  half  of  the  fuel 
and  then  rapidly  pouring  the  two  solutions  into  a  third  container,  it  was 
possible  to  obtain  a  good  particulate  gel.  However,  when  the  same 
diisocyanate  wan  reacted  with  2-ethylhexylamine  the  rate  of  gelation 
was  much  slower.  In  addition,  it  formed  a  wci!:  viscoelastic  gel. 
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By  comparing  the  results  obtained  with  4,  6-dimethyl-l,  3- 
xylylene  diisocyanate  and  m-xylylene  diisocyanate,  it  can  be  noted  that 
the  presence  of  the  methyl  groups  significantly  increased  the  rate  of 
gelation  when  reacted  with  various  amines. 

Several  alicyclic  diisocyanates  were  prepared  in  order  to  obtain 
some  information  concerning  the  influence  of  this  type  of  structure  on 
the  rate  of  fuel  gelation  as  well  as  the  types  of  gels  produced  by  the 
presence  of  the  alicyclic  groups. 

One  alicyclic  diisocyanate  screened  was  1,  4-bis(isocyanato- 
methyl)  cyclohexane.  This  diisocyanate  was  prepared  by  phosgenating 
1,  4-bis(aminomethyl)  cyclohexane  dihydrochloride.  This  diisocyanate 
was  evaluated  as  a  fuel  gelling  agent  by  reaction  with  various  amines  in 
JP-4.  The  results  of  these  tests  are  listed  in  Table  24.  In  run  number 
7-24-3,  the  above-mentioned  diisocyanate  was  reacted  with  oleyl  amine 
in  JP-4.  The  reaction  product  formed  a  weak  grainy  gel  which  was 
easily  broken.  With  Amine  803  this  same  diisocyanate  required  approx¬ 
imately  3  minutes  to  convert  the  fuel  to  a  tough  viscoelastic  gel.  The 
other  amines  tested  either  formed  a  very  weak  particulate  gel  or  pre¬ 
cipitates  in  JP-4. 

Another  alicyclic  diisocyanate  evaluated  was  menthane  diiso¬ 
cyanate.  This  compound  was  synthesized  by  phosgenating  the  corre¬ 
sponding  diamine  dihydrochloride.  Table  25  lists  the  results  obtained 
when  menthane  diisocyanate  was  reacted  with  various  amines  in  the 
presence  of  JP-4.  If  one  examines  the  results,  it  may  be  noted  that 
several  systems  gelled  the  fuel.  These  gels  were  too  weak  to  warrant 
further  investigation.  Furthermore,  the  rate  of  reaction  was  too  slow 
to  apply  to  the  problem  concerned. 

In  addition  to  the  aromatic  diisocyanates,  alicyclic  diisocya¬ 
nates,  and  aliphatic  diisocyanates  that  vere  screened  during  this  pro¬ 
gram,  several  monoisocyanates  were  also  evaluated.  These  included 
an  aryl  isocyanate  and  an  aliphatic  isocyanate. 

In  an  effort  to  obtain  information  concerning  the  rate  of  reaction 
with  respect  to  the  gelation  of  JP-4,  oleyl  isocyanate  was  reacted  with 
various  amines.  The  oleyl  isocyanate  was  prepared  by  phosgenation  of 
oleyl  amine.  In  run  number  7-35-2  as  listed  in  Table  26,  l,4-bis(ami- 
nomethyl)  cyclohexane  was  reacted  with  oleyl  isocyanate  to  form  a  weak 
grainy  gel.  When  1,  4-bis(isocyanatomethyl),  cyclohexane  was  reacted 
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with  oleyl  amine  (run  number  7-24-3,  Table  24),  it  formeda  weak  grainy 
gel.  With  respect  to  the  overall  properties  of  both  systems,  they  were 
essentially  the  same.  This  was  to  be  expected  since  the  major  product 
is  the  same  in  both  experiments.  However,  one  would  expect  some 
difference  in  the  rate  of  gelation  especially  with  respect  to  the  isocyanate 
group.  This  was  found  to  be  true  in  that  the  rate  of  gelation  of  the  1,  4- 
bis(aminomethyl)  cyclohexane -oleyl  amine  system.  This  same  observa¬ 
tion  was  made  with  the  menthane  diamine-oleyl  isocyanate  system  and 
the  menthane  diisocyanate -oleyl  amine  system.  These  runs  are  listed 
as  7-35-1  and  7-31-1  respectively.  In  both  examples  cited  above,  the 
oleyl  isocyanate-alicyclic  diamine  systems  were  the  fastest. 

One  of  the  aromatic  monoisocyanates  investigated  was  3-chloro- 
phenyl  isocyanate.  The  results  of  these  tests  are  listed  in  Table  27. 

When  reacted  with  unsaturated  fatty  amines,  the  3-chlorophenyl  adducts 
are  soluble  in  the  fuel.  Soluble  products  were  also  obtained  when  3- 
chlorophenyl  isocyanate  was  reacted  with  n-hexyl  amine,  2-ethylhexyl 
amine,  t -octyl  amine,  and  Amine  803. 

In  run  number  7-43-1,  2.2  weight  percent  of  3-chlorophenyl 
isocyanate  was  reacted  with  1.8  weight  percent  of  4-chlorobenzyl  amine 
to  instantaneously  form  a  very  firm,  dry  particulate  gel.  The  rate  of 
gelation  is  so  fast  that  the  only  way  good  mixing  could  be  obtained  was 
to  divide  the  fuel  into  two  beakers,  add  one  additive  to  each  half  of  the 
fuel, and  then  rapidly  pour  the  solutions  into  a  third  beaker. 

In  run  number  7-46-4,  the  concentration  of  the  reactants  was 
decreased  from  4  weight  percent  to  2  weight  percent.  At  the  lower  con¬ 
centration,  the  gel  obtained  was  equivalent  to  the  one  obtained  at  the  4 
weight  percent  level. 

Another  aromatic  isocyanate  screened  during  this  program  was 
a-naphthyl  isocyanate.  Table  28  lists  the  results  obtained  when  a-naphthyl 
isocyanate  was  reacted  with  various  amines  in  JP-4.  In  run  number  8- 
38-1,  a-naphthyl  isocyanate  and  lauryl  amine  were  used  as  the  reactants. 
It  is  estimated  that  this  system  required  approximately  5  seconds  tr  form 
a  firm  particulate  gel.  It  was  of  interest  to  note  that  oleyl  amine  (run 
number  8-38-4)  and  tall  oil  amine  (run  number  8-38-5)  when  reacted 
with  the  same  isocyanate  formed  products  that  were  soluble  in  jet  fuel. 
However,  when  the  isocyanate  was  reacted  with  coco  amine,  which  also 
contains  a  high  percentage  of  unsaturation,  the  reaction  product  formed 
a  good  particulate  gel. 
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While  screening  the  various  types  of  isocyanates  and  diisocyanates 
by  reacting  them  with  various  amines,  it  was  quite  evident  that  the 
structure  of  the  amine  or  diamine  significantly  influenced  the  rate  of 
fuel  gelation  as  well  as  the  type  of  gel  produced.  In  view  of  this,  several 
amines  and  diamines  were  screened  in  order  to  elucidate  the  observed 
phenomena. 

The  first  of  the  amines  evaluated  with  the  exception  of  the  fatty 
amines  was  t-octyl  amine  (1,  1,  3,  3 -tetramethyl  butylamine).  The 
results  of  these  tests  are  listed  in  Table  29.  In  run  number  6-48-2, 
t-octyl  amine  was  reacted  with  Hylene  TM-65  (65  percent  2,  4 -toluene 
diisocyanate  and  35  percent  of  the  2,  6 -isomer)  in  the  presence  of  JP-4. 
This  system  formed  a  gel  similar  to  the  one  obtained  with  Hylene  TM-65 
and  lauryl  amine;  however,  the  rate  of  gelation  was  slower. 

In  run  number  7-9-2,  2,  6-tolylene  diisocyanate  was  reacted  with 
t-octyl  amine.  In  approximately  1  minute,  this  system  formed  a  precip¬ 
itate  in  JP-4.  Using  2,  4-tolylene  diisocyanate  with  the  same  amine 
formed  a  product  soluble  in  JP-4.  In  these  runs  the  rate  of  reaction 
was  slow  indicating  that  the  two  methyl  groups  on  the  number  1  carbon 
were  blocking  the  amine  group. 

The  results  obtained  using  the  t-octyl  amine  and  the  various 
isomers  of  toluene  diisocyanate  shows  that  the  structure  of  the  diiso¬ 
cyanate  significantly  influences  the  solvation  of  the  product  in  the  JP-4. 

On  surveying  the  results  obtained,  one  can  note  that  the  product  obtained 
with  2,  4-tolylene  diisocyanate  and  t-octyl  amine  is  soluble  in  JP-4. 

Using  the  2,  6 -isomer  and  the  same  amine  will  produce  a  precipitate  in 
JP-4.  When  a  mixture  of  the  two  isomers  is  reacted  with  the  same 
amine,  a  rigid  particulate  gel  is  obtained.  In  all  cases  the  rate  of 
reaction  was  slow. 

In  run  number  7-9-3,  2,  4,  6-toluene  triisocyanate  and  t-octyl 
amine  formed  a  precipitate  in  JP-4.  It  was  necessary  to  melt  the  tri¬ 
isocyanate  in  order  to  obtain  rapid  dissolution  when  added  to  the  jet 
fuel. 


The  second  aliphatic  amine  tested  was  2-ethylhexyl  amine. 

When  this  amine  was  reacted  with  Hylene  TM-65  (run  number  7-6-1 
as  listed  in  Table  30)  in  JP-4,  approximately  two  minutes  was  required 
to  convert  the  fuel  to  a  weak  gel.  When  hexamethylene  diisocyanate 
and  2-ethylhexyl  amine  were  reacted  in  JP-4,  the  product  rapidly 
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precipitated  from  the  fuel.  This  same  amine  and  2,  6-tolylene  diiso¬ 
cyanate  rapidly  formed  a  dispersion  of  gelatinous  solid. 

Ii  comparing  the  results  obtained  (Tables  29  and  30)  with  the 
various  amines  and  tolylene  diisocyanates,  it  is  apparent  that  the  rate 
of  reaction  as  well  as  the  product  formed  with  respect  to  the  gelation 
of  JP-4  is  dependent  on  the  structure  of  both  the  diisocyanate  and  the 
amine. 


Included  with  the  aliphatic  amines  was  a  N,N -dialkyl-diamine. 
The  amine  was  diethylaminopropylamine. 

The  results  of  these  tests  are  listed  in  Table  31.  In  run  number 
8-35-1,  Hylene  TM-65  was  reacted  with  the  above  amine  in  JP-4.  The 
system  immediately  formed  a  thick  suspension  of  solids  that  displayed 
some  thixotropic  properties.  Similar  results  were  obtained  when  m- 
xylylene  diisocyanate  was  reacted  with  the  same  amine  (run  number  8- 
36-1). 


In  run  number  8-36-2,  hexamethylene  diisocyanate  was  reacted 
with  diethylaminopropylamine  and  immediately  converted  JP-4  to  a  dry 
particulate  gel.  This  gel  was  similar  to  the  other  dry  particulate  gels 
in  that  it  had  very  little  cohesive  strength.  The  other  isocyanates  when 
reacted  with  diethylaminopropylamine  either  formed  precipitates  or 
were  soluble  in  the  fuel. 

A  long  chain  diamine  containing  an  aromatic  ring  was  synthesized 
and  evaluated.  This  diamine,  N,  N-bis(aminobutyl)  benzylamine,  was 
synthesized  according  to  the  following  equations: 

5.  ^^-ch2ci  +  HN-(CH2-CH2-CH2-CN)2  - — 

^^-ch2-n-(ch2-ch2-ch2-cn)2 

6.  0-CH2-N-(CH2-CH2-CH2-CN)2  LiAlH4^ 
^^-ch2-n-(ch2-ch2-ch2-ch2-nh2)2 
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The  diamine  was  evaluated  by  reaction  with  various  diisocyanates  in 
the  presence  of  JP-4.  The  results  of  these  tests  are  listed  in  Table 
32.  It  may  be  noted  that  the  isocyanates  or  diisocyanates  when  reacted 
with  N,  N-bis(aminobutyl)ben*ylamine  formed  precipitates  in  JP-4. 

The  possibility  exists  that  if  the  aryl  group  is  substituted  with  a  branched 
alkyl  group*  the  solubility  would  be  increased.  This  would  tend  to  form 
a  gel  in  JP-4  in  place  of  a  precipitate. 

Several  alicyclic  amines,  heterocyclic  amines,  and  aromatic 
amines  were  evaluated  in  order  to  determine  the  types  of  fuel  gels  that 
can  be  obtained  when  these  materials  are  reacted  with  isocyanates  or 
diisocyanates  in  JP-4. 

Typical  alicyclic  amines  that  wc'^e  screened  as  potential  gelling 
agents  when  reacted  with  isocyanates  ..,id  diisocyanates  are  ryclohexyl- 
amine  and  1,  4-bis(aminomethyl)  cyclohexane.  With  respect  to  the  eval¬ 
uation  of  cyclohexylamine,  the  results  of  these  tests  are  listed  in 
Table  33.  In  run  number  7-37-1,  cyclohexylamine  was  reacted  with 
Hylene  TM-65  in  JP-4.  This  system  rapidly  formed  a  thick  suspension 
of  solids.  When  cyclohexylamine  was  reacted  with  hexamethylene  diiso¬ 
cyanate  (run  number  7  -  37 -3) ,  it  convertedthe  fueltoavery  weak  gel.  The 
other  diisocyanatcs  tested  formed  precipitates  in  JP-4. 

Table  34  lists  the  screening  tests  made  in  the  evaluation  of  1,  4- 
bi s( aminomethyl) cyclohexane  and  various  isocyanates.  It  can  be  observed 
that  the  reaction  products  formed  precipitates  in  every  test  made. 

An  example  of  a  heterocyclic  amine  was  3-aminomethyl  pyridine. 
The  results  of  these  tests  are  listed  in  Table  35.  In  run  number  7-44-2, 
3-aminomethyl  pyridine  and  Hylene  TM-65  formed  a  dense  suspension 
of  solids  in  JP-4.  The  rate  of  reaction  was  extremely  fast.  With  the 
other  3-aminomethyl  pyridine-diisocyanate  systems  investigated,  the 
rates  of  reaction  were  extremely  fast  and  precipitates  were  obtained 
in  all  cases. 

When  JP-4  was  gelled  with  an  aromatic  triisocyanate  and  amines 
containing  an  aromatic  ring,  the  resultant  gels  had  excellent  burning 
properties  in  that  the  rate  of  burning  was  slow  and  the  gels  remained 
rigid  and  did  not  flow.  In  view  of  this,  various  aromatic  amines  and 
substituted  aromatic  amines  were  evaluated  in  an  effort  to  obtain  a 
system  that  will,  when  reacted  with  an  isocyanate  or  diisocyanate, 
rapidly  convert  JP-4  to  a  rigid  gel  having  good  impact  and  burning 
properties. 
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The  simplest  of  the  aromatic  amines  evaluated  was  aniline. 

In  run  number  8-8-1  as  listed  in  Table  36,  aniline  was  reacted  with 
m-tolyl  isocyanate  in  JP-4.  The  rate  of  gelation  was  too  slow  in  that 
it  required  approximately  5  minutes  to  form  a  very  dry  particulate  gel. 
The  same  amine  when  reacted  with  p-tolyl  isocyanate  forms  a  precipi¬ 
tate.  With  all  of  the  isocyanates  or  diisocyanates  tested,  the  rate  of 
gelation  was  too  slow  to  apply  to  the  rapid  gelation  of  hydrocarbon  fuels. 

Similar  results  were  also  obtained  when  o-toluidine  was  evalu¬ 
ated  by  reaction  with  isocyanates  or  diisocyanates  in  JP-4.  The  results 
of  these  tests  are  listed  in  Table  37.  In  run  number  7-49-1,  o-toluidine 
was  reacted  with  m-xylylene  diisocyanate  in  JP-4.  This  system  required 
several  minutes  to  completely  gel  the  fuel.  The  gel  was  dry  and  very 
hard.  It  was  a  particulate  type  of  gel  and  could  be  readily  crumbled 
into  small  pieces.  However,  as  with  aniline,  when  o-toluidine  was 
reacted  with  isocyanates  or  diisocyanates,  the  rate  of  reaction  was  too 
slow  to  apply  to  the  rapid  gelation  of  JP-4. 

Previous  experiments  have  shown  that  firm  dry  particulate  gels 
can  be  obtained  by  reacting  aromatic  diisocyanates  with  aromatic  amines. 
These  gels  are  very  firm;  however,  they  have  little  cohesive  strength. 

In  an  effort  to  increase  the  cohesive  strength  of  the  gels,  various  sub¬ 
stituted  aromatic  amines  were  synthesized  and  screened. 

Table  38  lists  the  results  obtained  when  4-chlorobenzylamine 
was  reacted  with  diisocyanates.  This  amine  should  affect  the  burning 
rate  of  the  gel  since  it  contains  a  halogen.  In  run  number  8-3-4,  4- 
chlorobenzylamine  and  Hylene  TM-65  instantaneously  reacted  to  form 
a  weak  grainy  gel.  The  rate  of  reaction  was  so  fast  that  good  mixing 
could  not  be  obtained.  Hexamethylene  diisocyanate  and  4-chlorobenzyl- 
amine  likewise  produced  a  #eak  grainy  gel.  The  rate  of  reaction  was 
very  fast,  however,  it  was  not  as  rapid  as  the  4-chlorobensylamine- 
Hylene  TM-65  system. 

In  order  to  increase  the  chlorine  content  of  the  gelling  system, 
several  attempts  were  made  to  gel  JP-4  using  2,  4 -dichlorobenzy lamina 
and  various  diisocyanates.  The  results  of  these  tests  are  listed  in 
Table  39.  If  one  examines  the  results  obtained,  it  can  be  noted  that 
with  all  of  the  systems  tested,  only  precipitates  were  obtained. 

In  order  to  obtain  a  product  that  will  gel  JP-4,  it  is  necessary 
to  design  the  reactants  so  that  when  reacted  the  product  has  a  structure 
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which  displays  the  proper  solubility  in  the  fuel.  If  the  solubility  is  not 
great  enough,  a  precipitate  is  obtained;  if  it  is  too  great,  the  product 
is  soluble  in  JP-4.  In  the  evaluation  tests  for  chlorobenzylamines, 
weak  gels  or  precipitates  were  obtained.  The  aforementioned  screening 
tests  also  showed  that  with  the  same  diisocyanate,  the  rate  of  gelation  is 
much  faster  with  benzylamine  or  a  substituted  benzylamine  than  is  the 
rate  with  aniline  or  a  substituted  aniline. 

One  technique  to  increase  the  solubility  of  the  urea  in  JP-4  is 
to  use  an  alkylated  benzylamine.  Such  a  compound  is  4-isopr opyl- 
benzylamine.  This  compound  was  reacted  with  various  diisocyanates 
in  JP-4.  The  results  of  these  tests  are  listed  in  Table  40.  In  run 
number  8-16-2,  4-isopr opylbenzylamine  was  reacted  with  m-xylylene 
diisocyanate  in  JP-4.  This  system  rapidly  converted  the  fuel  to  a  dry 
particulate  gel.  The  gel  had  little  cohesive  strength  and  would  readily 
crumble.  A  similar  type  of  gel  was  obtained  when  hexamethylene  diiso¬ 
cyanate  was  reacted  with  the  same  amine  (run  number  8-17-1). 

In  run  number  8-16-4,  menthine  diisocyanate  was  reacted  with 
4-isopr  opylbenzylamine  to  form  a  product  soluble  in  JP-4.  This  was 
interesting,  since  in  previous  screening  tests  using  menthane  diiso¬ 
cyanate  and  various  aromatic  amines,  only  precipitates  were  obtained. 
These  results  show  that  a  larger  alkyl  group  ib  needed  on  the  benzene 
ring  of  the  amine  in  order  to  obtain  the  desired  solubility.  The  solu¬ 
bility  can  also  be  enhanced  by  incorporating  an  alkoxy  group  on  the 
benzene  ring  of  the  amine  or  on  the  ring  of  the  aromatic  diisocyanate. 

Previous  experiments  with  .''-ethylhexyl-3-aminopropyl  ether 
(Table  13)  showed  that  the  presence  of  the  ether  group  significantly 
influenced  the  properties  of  the  gel.  The  gels  obtained  with  this  amine 
were  viscoelastic  and  had  excellent  properties  under  impact  conditions. 


In  view  of  the  above  findings,  several  additional  alkoxyamines 
were  synthesized. 

The  first  alkoxyamine  to  be  synthesized  was  dodecenyl-2-amino- 
ethyl  ether.  The  amine  was  synthesized  by  reacting  dodecenyl  chloride 
(l-chloro-5,  5,  7,  7-tetramethyl-2-octene)  with  the  sodium  salt  of 
ethanolamine.  The  general  reaction  is  shown  as  follows: 

7.  R-Cl  +  Na-0-CH2-CH2-NH2  —  R-O-CH2-CH2-NH2  *  NaCl 
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The  dodecenyl-2-aminoethyl  ether  wai  evaluated  by  reaction 
with  various  diisocyanates  in  the  presence  of  JP-4.  The  results  of 
these  tests  are  listed  in  Table  41.  When  Hylene  TM-65  was  reacted 
with  dodecenyl-2 -aminoethyl  ether  in  JP-4,  the  product  was  too  soluble. 
It  increased  the  viscosity  of  the  fuel  but  failed  to  produce  a  gel. 

In  run  number  7-28-1,  hexamethylene  diisocyanate  was  reacted 
with  the  same  amine.  This  system  produced  a  viscoelastic  gel  that  was 
very  similar  to  the  one  obtained  with  2-ethylhexyl-3-aminopropyl  ether 
and  hexamethylene  diisocyanate. 

When  1,  4-bis(isocyanatomethyl)  cyclohexane  was  reacted  with 
dodecenyl-2-aminoethyl  ether  in  JP-4,  it  slowly  (about  6  seconds)  con¬ 
verted  the  fuel  to  a  tough  viscoelastic  gel.  It  was  noted  that  this  same 
diisocyanate  required  3  to  4  minutes  to  gel  JP-4  when  it  was  reacted 
with  Amine  803.  While  determining  the  rate  of  gelation,  it  was  noticed 
that  with  several  diisocyanates,  the  rate  of  fuel  gelation  was  much  faster 
using  dodecenyl-2 -aminoethyl  ether  than  was  obtained  with  2-ethylhexyl- 
3-aminopropyl  ether.  It  is  believed  that  the  rate  of  gelation  is  influenced 
by  the  location  of  the  ether  linkage  in  the  molecule. 

Table  42  lists  the  results  obtained  using  a  different  type  of  amine. 
The  amine,  delta -aminobutylmethyldiethoxy silane,  is  soluble  in  JP-4 
and  has  a  low  freezing  point.  In  run  number  8-2-1,  the  silane  was 
reacted  with  menthane  diisocyanate  in  JP-4.  This  system  required 
about  one  minute  to  form  a  good  viscoelastic  gel.  It  is  similar  to  the 
one  obtained  with  Amine  803  and  hexamethylene  diisocyanate. 

In  run  number  8-2-2,  hylene  TM-65  and  the  delta-silane  rapidly 
converted  the  fuel  to  a  weak  particulate  gel.  When  the  diisocyanate  was 
the  2,  6-isomer,  the  reaction  was  practically  instantaneous.  This  sys¬ 
tem  produced  a  gel  similar  to  the  one  obtained  using  the  same  delta- 
silane  and  Hylene  TM-65. 

Analysis  of  the  results  obtained  with  the  various  gelling  agents 
definitely  indicates  that  the  type  of  fuel  gel  is  influenced  by  the  type  of 
amine  and  diisocyanate.  The  aromatic  diisocyanates  and  aliphatic 
amines  tend  to  give  a  particulate  gel.  When  these  gels  are  tested  under 
impact  conditions,  theybreak  into  small  pieces.  When  the  gels  are 
burned, there  is  only  a  small  amount  of  spreading  caused  by  the  melting 
of  the  surface  of  the  gel.  When  the  aromatic  diisocyanates  and  alkyl- 
ether -amines  are  used  to  gel  the  fuel,  the  gel  is  between  a  particulate 
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gel  and  a  viscoelastic  gel.  This  type  of  gel  does  not  have  good  strength, 
therefore  no  burning  or  impact  tests  were  made. 

When  an  aliphatic  diisocyanate  and  an  alkyl-amino-ether  are 
reacted  in  JP-4,  a  tough  viscoelastic  gel  is  obtained.  On  the  impact 
testing  apparatus,  none  of  the  gelled  fuel  was  thrown  from  the  container. 
Even  though  the  strength  of  this  gel  is  excellent,  the  gel  melts  on  burn¬ 
ing.  then  flows  like  liquid  fuel.  Another  good  system  is  an  aromatic 
triisocyanate  and  an  aliphatic  amine.  This  system  produces  a  good 
dilatent  gel  and  does  not  flow  while  burning.  The  disadvantage  with 
this  system  is  that  the  aromatic  triisocyanates  are  solids  having  limited 
solubility  in  JP-4. 

Another  observation  made  with  the  various  systems  discussed 
above  is  the  rate  at  which  the  fuel  is  gelled.  In  several  instances 
excellent  gels  were  obtained  which  would  undoubtedly  contain  the  fuel 
under  impact  conditions,  but  the  time  required  to  obtain  the  gel  was 
in  the  order  of  3  to  5  minutes.  This  immediately  makes  the  system  of 
no  value  to  the  problem  at  hand. 

Excellent  gels  were  also  obtained  using  the  aromatic  triisocya- 
nates  with  both  aliphatic  amines  and  alkoxyamines.  These  gels  are 
dilatent, which  is  thought  to  be  optimum  for  the  problem  at  hand.  Under 
stress,  several  of  these  gels  actually  crumbled  while  others  could  be 
"bounced  like  rubber  balls." 

A  literature  search  revealed  that  all  aromatic  triisocyanates  are 
solids.  Since  they  are  solids,  they  cannot  be  rapidly  injected  into  fuel. 
Aliphatic  amines  and  alkoxyamines  when  reacted  with  aromatic  triiso¬ 
cyanates  exhibited  excellent  impact  properties  and  contained  the  fuel 
while  burning  as  well  as  retarding  the  burning  rate. 

The  results  obtained  with  the  various  isocyanates  and  amines 
discussed  in  this  section  and  the  aforementioned  observations  lead  to 
the  following  conclusions.  The  system  which  will  rapidly  gel  jet  fuel 
and  produce  a  gel  that  will  contain  the  fuel  under  impact  conditions, 
contain  the  fuel  while  burning,  and  retard  the  burning  rate  is  a  tri- 
functional  amine  or  isocyanate  containing  both  aromatic  ringf.  and  ether 
linkages. 

In  view  of  the  aforementioned  conclusions,  efforts  were  directed 
toward  the  preparation  of  aliphatic  triamines  containing  ether  linkages. 
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The  possibility  exists  that  the  alkoxy-triamines  when  phosgenated  will 
yield  alkoxy  triisocyanates  that  are  liquids.  These  triamines  when 
reacted  with  substituted  aromatic  amines  should  yield  excellent  gels. 

Various  attempts  were  made  to  prepare  the  aliphatic  triamines. 
The  initial  approach  was  to  cyanoethylate  triols  such  as  glycerol  and 
ethylene  oxide  adducts  of  triols. 

The  general  reaction  is  shown  as  follows: 

OH 

8.  R(-0-CH2-CH2-OHJ3  +  3-CH2  =  CH-CN  - r 

R(-0-CH2-CH2-0-CH2-CH2-CN)3 

This  compound  can  then  be  reduced  according  to  the  general  equation: 

9.  R(-0-CH2-CH2-0-CH2-CH2-CN) - w 

R(-0-CH2-CH2-0-CH2-CH2-CH2-NH2)3 

Numerous  attempts  were  made  to  prepare  the  tri-acrylonitrile 
addition  product  of  several  ethylene  oxide  adducts  of  trimethylol  propane. 
Various  basic  catalysts  were  also  investigated;  however,  in  all  cases 
incomplete  cyanoethylation  was  obtained. 

With  the  cyanoethylated  adducts  of  diols  such  as  2-ethylhexyl- 
1,  3-d’ol,  various  attempts  were  made  to  produce  the  diamine  by  reduc¬ 
tion,  but  these  failed  in  that  either  incomplete  reduction  was  obtained 
or  the  product  consisted  of  a  mixture  of  amines. 

In  view  of  the  difficulty  encountered  in  the  aforementioned  pro¬ 
cedure,  it  was  decided  to  prepare  the  ether-amines  using  the  same  pro¬ 
cedure  as  was  used  in  preparing  dodecenyl-?.-aminoethyl  ether.  Since 
dodecenyl  chloride  is  a  very  active  halide  due  to  the  presence  of  the 
olefin  group,  it  was  decided  to  prepare  an  alkoxyamine  using  dodecyl 
bromide  and  2-amino  sodium  ethoxide.  The  general  reaction  is  as 
follows : 

10.  H2N-CH2-CH2-OH  +  Na— *H2N-CH2-CH2-0-JMa 
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11.  R-Br  +  Na-0-CH2-CH2-NH2  — ■  R-0-CH2-CH2-NH2 
A  competing  reaction  can  also  occur.  This  reaction  is  as  follows: 


12.  R-Br  +  NaNH-CH2-CH2-OH  -~-R-NH-CH2-CH2-OH  +  Na  Br 

Analysis  showed  that  85  weight  percent  of  the  product  consisted  of  N- 
dodecyl-ethanolamine  (equation  12)  and  15  weight  percent  was  the  desired 
dodecy  1-2-aminoethyl  ether. 

In  view  of  these  results,  another  approach  was  considered.  This 
involved  blocking  of  the  amine  prior  to  preparing  the  sodium  salt.  The 
general  reaction  is  presented  below: 

o  9 

13.  (ch3-6-)2o+  ho-ch2ch2nh2  —  ch3-c-nh-ch2-ch2-oh 

Difficulty  was  encountered  with  the  above  amide  when  attempts 
were  made  to  prepare  the  sodium  salt  using  sodium  methoxide,  as  this 
also  cleaved  the  amide  linkage. 


In  order  to  avoid  this  cleavage*  the  ethanolamine  was  reacted 
with  phthalic  anhydride  to  produce  the  following: 


14. 


HO-CH2-CH2-NH2  + 


n-ch2ch2-oh 


Efforts  to  prepare  the  sodium  alkoxide  of  2-hydroxyethyl 
phthalimide  were  not  successful  due  to  the  insolubility  of  the  phthali- 
mide  derivative  in  a  methanol  or  an  ethanol  solution  of  the  correspond 
ing  sodium  alkcxide. 


In  view  of  this  difficulty,  an  attempt  was  made  to  prepare  the 
alkoxy amines  from  2-bromnethylamine  and  the  sodium  salt  of  a  branched 
diol. 


The  2-bromoethylamine  is  available  as  the  hydrobromide  salt. 
This  material  was  converted  to  the  free  amine  using  ammonia.  However, 
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when  the  2-bromoethylamine  is  added  to  the  sodium  alcoholate,  the 
material  splits  out  H  Br  and  polymerizes  to  a  polyamine. 

An  attempt  was  made  to  block  the  amine  group  by  converting  it 
to  the  amide  as  shown  in  the  following  equation: 

O  O 

15.  Br-CH2-CH2-NH2  +  (CH3-C)2-0  Br -CH2-CH2-NH-C -CH3 

However,  in  place  of  obtaining  the  desired  amide,  the  material  splits 
out  H  Br  and  cyclizes  to  produce  the  following  compound: 


In  order  to  avoid  this  cyclization,  phthalic  anhydride  was  used.  Cycli- 
zation  will  not  occur  using  this  anhydride.  The  general  reaction  is 
shown  below : 


16. 


Br-CH2-CH2-NH2  + 


O 


Br-CK,-CH2 


When  an  attempt  was  made  to  prepare  the  2-bromoethylphthali- 
mide  according  to  equation  16,  the  2-bromoethylamine  split  out  H  Br 
and  formed  a  polyamine. 


Because  of  these  negative  results,  it  is  proposed  to  use  the 
following  approach.  The  2-bromoethyl  phthalimide  can  be  prepared  by 
reacting  potassium  phthalimide  with  1,  2-dibromoethane  using  dimethyl 
formamide  as  the  solvent.  The  reaction  is  shown  as  follows: 


17. 


NK  +  Br-CH2-CH2-Br 


N-CH2-CH2-Br 
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The  2-bromoethyl  phthalimide  is  then  reacted  with  the  sodium 
salt  of  a  diol: 


18. 


+  R(-ONa)2  — - 


R 


Hydrolysis  of  the  above  product  using  hydrazine  hydrate  followed 
by  heating  of  the  hydrazone  with  dilute  HC1  will  readily  yield  the  corre¬ 
sponding  alkoxyamine: 


19. 


-o-ch2-ch2-n 


J2 


1.  H2N-NH2-HOH 

2.  HC1  ’ 


R 


-o-ch2-ch2 


2 


Using  this  procedure,  both  aliphatic  ether  amines  and  aromatic 
ether  amines  should  be  readily  synthesized.  The  amines  can  be  evalu¬ 
ated  by  reaction  with  various  isocyanates  in  JP-4  or  they  can  be  phos- 
genated  and  converted  to  the  corresponding  isocyanate.  These  can  then 
be  evaluated  by  reacting  them  with  other  amines. 

Of  particular  interest  is  the  possibility  that  liquid  aromatic 
triisocyanates  can  be  synthesized  by  this  technique.  One  example  is 
listed  as  follows: 
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1.  H2N  —  NH2  •  HOH 


It  is  anticipated  that  the  above  triamine  is  a  liquid  and  can  be 
evaluated  as  such.  It  can  also  be  phosgenated  to  yield  a  triisocyanate. 
It  is  anticipated  that  this  compound  is  a  liquid. 
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21 

HC1  ’  H2N 


)  —  CH2  -  CH2  -  NH2  •  HC1 


h2c-  h2c  -  cT'n^'vo-  ch2-  ch2-  nh2  •  HC1 


coci  2 


OCN  —  H2C  —  H2C  - 


—  ch2-ch2-nco 


-  CH2-  CH2  -  NCO 


The  above  triisocyanate  has  the  aromatic  ring  as  well  as  the 
ether  linkages.  This  material  can  be  reacted  with  branched  aliphatic 
amines  or  alkoxyamines  in  JP-4.  Analysis  of  the  data  as  discussed 
in  this  report  indicates  that  this  is  the  general  type  of  material  needed 
to  produce  the  optimum  fuel  gel. 
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FUEL  GEL  EVALUATION 


RATE  OF  FUEL  GELATION 

One  of  the  problem*  concerning  the  rapid  gelation  of  JP-4  i*  the 
development  of  a  technique  whereby  the  rate  of  gelation  with  respect  to 
the  increase  in  gel  strength  can  be  measured  during  the  first  few 
seconds.  A  literature  search  failed  to  produce  a  technique  fast  enough 
to  yield  the  needed  data. 

In  view  of  the  above  findings,  experimental  work  was  initiated 
by  the  Institute's  Department  of  Electrical  Engineering  in  an  effort  to 
determine  techniques  by  which  the  stiffness  of  the  gel  can  be  measured 
throughout  the  time  interval  from  the  liquid  state  to  several  minutes 
a^er  the  additives  are  injected  into  the  fuel.  Several  factors  were 
considered  in  these  tests.  In  order  to  obtain  the  desired  data,  it  was 
necessary  to  develop  a  technique  that  will  not  be  affected  by  the 
stirring  prior  to  the  addition  of  the  additives,  will  not  restrict  the 
mixing  of  the  additives,  will  give  a  continuous  reading  with  an  effective 
time  resolution  of  much  less  than  one  second,  will  be  reproducible, 
and  will  be  a  function  only  of  the  stiffness  parameter. 

With  these  considerations,  the  use  of  ultrasonics  appeared  to  be 
a  good  approach  if  it  could  be  made  to  yield  the  stiffness  parameter, 
since  little  if  any  obstructions  would  need  to  be  placed  in  the  mixture. 
For  the  first  test  a  continuous  wave  ultrasonic  technique  was  tried  in 
which  two  ultrasonic  transducers  were  mounted  diametrically  opposite 
each  other  through  holes  in  the  sides  of  the  container  in  which  tho  JP-4 
is  to  be  gelled.  A  frequency  of  500  kc  /as  used  to  drive  one  of  the 
transducers, and  the  other  transducer  was  used  as  a  receiver  to 
produce  an  output  voltage  replica  of  the  ultrasonic  signal  incident  on 
its  face.  The  output  voltage  level  and  phase  were  monitored  as  the 
diisocyanate  was  added  to  the  JP-4  containing  the  amine.  Witf  the 
additives,  the  output  voltage  and  phase  both  changed  appreciably  and 
continued  to  change  for  several  minutes.  This  looked  like  a  usable 
method  except  that  the  received  amplitude  and  phase  were  vory  critical 
functions  of  frequency,  and  there  was  no  direct  way  of  relating  the 
observed  change  with  gel  stiffness. 

To  reduce  some  of  the  above  problems  and  to  allow  separation  pf 
some  of  the  variables,  another  test  arrangement  was  made  which  also 
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used  ultrasonics;  but,  instead  of  applying  a  continuous  wave  to  the 
transmitting  transducer,  a  pulse  was  used.  The  use  of  widely  spaced 
pulses  allowed  transit  times  between  the  transducers  to  be  measured 
and  eliminated  the  standing  wave  problem.  Since  the  propagation 
velocity  contains  a  stiffness  term,  it  wasthought  that  the  transit  time 
parameter  could  possibly  be  measured  to  show  changes  in  stiffness. 

The  test  vessel  (a  rounql  aluminum  container)  was  modified  to  have 
flats  diametrically  opposed  to  each  other  against  which  the  transducers 
were  placed.  This  permitted  operation  with  no  appreciable  projections 
in  the  mixing  chamber.  The  transit  time  was  55  microseconds  through 
the  liquid  JP- 4 ;  when  gelled,  the  transit  time  increased  only  to  56 
microseconds  and  remained  at  this  value.  This  change  is  considered 
to  be  too  small  for  effective  use  of  this  technique  as  a  measurement 
of  gel  rigidity.  The  amplitude  of  the  ultrasonic  pulse  through  the 
material  decreased  only  about  10  percent  immediately  upon  change 
from  a  liquid  to  a  gel  state.  The  amplitude  i  ontinued  to  decrease 
slowly, and  after  an  hour  it  was  down  to  about  one -tenth  of  the  value 
observed  through  the  liquid.  This  continued  change  is  undoubtedly 
due  to  the  continued  reaction  of  the  additives. 

Since  the  tests  conducted  with  ultrasonics  failed  to  disclose 
a  suitable  measurement  technique,  a  procedure  was  developed  that 
will  yield  the  approximate  rate  of  gelation.  Although  these  data  are 
not  exact,  they  do  represent  an  approximate  rate  of  gelation  and 
permit  one  to  compare  the  various  systems.  The  procedure  consisted 
of  dissolving  one  reactant  in  jet  fuel  and  the  second  reactant  in  another 
portion  of  jet  fuel.  The  two  solutions  were  then  introduced  into  a  glass 
tube.  By  previously  determining  the  flow  rate  through  the  tube,  it  is 
possible  to  determine  the  rate  of  gelation  by  determining  how  far  down 
the  tube  the  mixture  passes  before  gelation  occurs. 

During  a  steering  committe  meeting,  it  was  decided  that  various 
teats  be  designed  in  order  to  compare  the  various  gelling  systems. 

The  tests  should  include  such  properties  as  the  rate  of  gelation,  impact 
properties,  burning  properties,  gel  rigidity,  and  sparkignition  prop¬ 
erties. 


It  should  be  noted  that  during  the  course  of  this  program 
numerous  systems  were  developed  for  the  gelation  of  jet  fuel.  Some 
of  the  systems  produced  tough  gels  that  displayed  excellent  impact  and 
burning  properties.  Such  a  system  is  an  aromatic  triisocyanate  or  a 
substituted  aromatic  diisocyanate  with  an  aliphatic  amine  or  an 


38 


alkoxyamine.  However,  the  rates  of  gelation  were  in  the  range  of  3 
to  5  minutes  at  room  temperature  and  as  such  would  not  apply  to  the 
rapid  gelation  of  fuel.  In  an  effort  to  rate  those  systems  that  had  a 
reasonable  rating  in  all  of  the  tests,  only  those  systems  were  evaluated 
that  gelled  jet  fuel  in  less  than  10  seconds. 

Table  43  lists  the  rates  of  gelation  for  various  gelling  systems 
using  a  total  additive  concentration  of  4  weight  percent.  It  can  be 
noted  that  the  most  rapid  gelation  rate  was  obtained  with  |3-ethoxy- 
ethylamine  and  4,  6-dimethyl-l,  3-xylylene  diisocyanate  (  run  number 
8-43-3).  This  additive  system  gelled  the  fuel  in  0.04  second.  If 
one  observes  the  rates  of  gelation  using  4-chlorobenzylamine  with 
m-xylylene  diisocyanate  or  4,  6 -dimethyl - 1,  3-xylylene  diisocyanate 
(runs  numbered  8-43-1  and  8-43-6,  re spectively),  it  can  be  noted  that 
the  presence  of  the  methyl  groups  on  the  diisocyanate  caused  a  three¬ 
fold  increase  in  the  rate  of  fuel  gelation. 

The  same  additive  systems  were  re-evaluated  at  a  total  additive 
concentration  of  2.  5  weight  percent.  The  results  of  these  tests  are 
listed  in  Table  44.  If  one  compares  the  rates  of  gelation  using  a  total 
additive  concentration  of  2.  5  weight  percent  with  those  obtained  of  the 
4.  0  weight  percent  level,  it  can  be  noted  that  the  rates  of  gelation  for 
a  particular  system  are  essentially  the  same. 

BURNING  PROPERTIES 


One  very  important  property  of  gelled  JF-4  is  how  the  gel 
performs  once  it  is  ignited.  During  the  course  of  this  program  a 
cursory  study  was  made  of  the  burning  properties  of  the  various  gels 
regardless  of  their  gelation  rate. 

This  study  consisted  of  placing  the  gelled  JP-4  on  a  transits 
board  or  on  the  ground  and  igniting  it.  The  transits  board  was  used 
in  order  to  better  observe  the  flow  properties  of  the  burning  gel.  The 
burning  characteristics  of  the  gel  were  noted  as  well  as  the  burning 
time.  The  results  of  these  tests  are  listed  in  Table  45. 

When  100  grams  of  the  hexamethylene  dir  sccyanate-oleyl  amine 
gelled  JP-4  was  burned  (run  number  6-39-1),  the  burning  time  was 
8  minute  s.  The  gel  when  placed  on  the  transite  was  in  the  shape  of  a 
cylinder  2  inches  in  diameter.  While  burning,  the  surface  of  the  gel 
melted  and  flowed  over  an  area  approximately  12  inches  in  diameter. 
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In  run  number  6-39-2,  the  fuel  was  gelled  using  toluene 
diisocyanate  and  lauryl  amine.  The  burning  time  for  this  gel  was  9 
minutes.  Initially,  the  gel  covered  an  area  2  inches  in  diameter. 

While  burning,  the  gel  flowed  over  an  area  approximately  4  inches  in 
diameter.  The  gelled  fuel  did  not  melt  while  burning  but  merely 
bubbled  and  released  vapors  of  JP-4. 

When  the  hexamethylene  diisocyanate -Amine  803  gelled  fuel  was 
placed  on  the  transit*  board,  this  tough  viscoelastic  gel  slowly  flowed 
over  an  area  approximately  4  inches  in  diameter.  The  burning  time 
was  3  minutes.  Once  ignited,  the  entire  mass  of  gel  melted  and  flowed 
over  an  area  of  approximately  1  5  to  18  inches. 

In  run  number  6-39-4,  the  burning  characteristics  were 
determined  for  a  2,4,  6-toluene  triisocyanate -Amine  803  gelled  fuel. 
This  dilatent  gel  when  placed  on  the  transite  board  slowly  flowed  over 
an  area  6  inches  in  diameter  and  was  about  0.  5  inch  thick.  When 
ignited,  the  gel  merely  bubbled  and  released  vapors  of  JP-4.  It  did  not 
melt  while  burning. 

When  the  4-methoxy-m-phenylene  diisocyanate -Amine  803  gelled 
fuel  was  ignited,  it  burned  for  a  total  of  5  minutes.  Once  ignited,  the 
fuel  exuded  from  the  gel  and  flowed  over  an  area  15  to  18  inches  in 
diameter.  This  test  i  i  listed  as  run  number  6-41-1  in  Table  45. 

In  run  number  7-38-1,  Hylene  TM-65  and  2-ethylhexylamine 
were  used  to  gel  JP-4.  This  system  formed  a  weak  viscoelastic  gel 
which  had  no  form  integrity.  While  burning,  .he  gel  flowed  over  an 
area  approximately  twice  the  size  it  occupied  originally.  The  burning 
time  was  7  minutes  for  100  grams  of  gel. 

Another  viscoelastic  gel  was  obtained  with  the  hexamethylene 
diisocyanate  -  dodecenyl-2 -aminoethyl  ether  system  (run  number  7-38-3). 
However,  when  this  gel  was  ignited,  itmelted  and  flowed  like  a  liquid. 

The  gel  obtained  with  menthane  diisocyanate  and  lauryl  amine 
was  not  considered  one  of  the  better  gels  since  it  had  a  consistency 
similar  to  a  heavy  grease.  However,  it  did  have  excellent  burning 
properties.  This  gel,  while  burning,  did  not  melt  or  flow.  It  con¬ 
tained  the  fuel  and  appeared  to  boil  as  the  fuel  vaporized  and  escaped 
through  the  gel.  The  burning  time  was  6  minutes  for  100  grams  of 
gel. 
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In  runs  numbered  7-43- 1  A,  7-50-2A,  and8-l-lA,  the  3-chloro- 
phenyl  isocyanate-4-chlorobenzyl  amine  system  was  evaluated  at  total 
additive  concentrations  of  4  percent,  2  percent,  and  1  percent.  By 
observing  the  results  as  listed  in  Table  45,  it  can  be  noted  that  the  gel 
containing  1.  0  weight  percent  total  additives  burned  as  well  as  those 
containing  the  2-percent  and  4-percent  additives. 

In  run  number  8-6-1  A,  the  gelling  system  was  m-xylylene 
diisocyanate  and  p-phenetidine.  Although  this  system  has  an  extremely 
slow  gelation  rate,  it  has  excellent  burning  properties  in  that  it  did  not 
flow  while  burning.  The  burning  time  was  13  minutes. 

During  the  latter  phase  of  the  program,  burning  tests  were  made 
on  those  systems  that  had  a  gelation  rate  of  10.  0  seconds  or  less. 

These  data  were  obtained  in  order  to  compare  the  various  gelling  agents. 
With  respect  to  those  systems  previously  discussed,  some  were 
repeated  provided  they  gelled  JP-4  in  less  than  10  seconds.  It  can 
also  be  noted  that  some  of  the  gelling  systems  eliminated  had  excellent 
burning  propert'es  as  shown  in  the  previous  discussion,  butthe  rates  of 
gelation  were  too  slow. 

In  order  to  standardize  the  procedure  for  this  study,  100  grams 
of  gelled  fuel  was  used  in  all  the  tests.  The  gel  was  cylindrical  in 
shape,  2.  0  inches  in  diameter  and  2.  5  inches  in  height.  Two  properties 
of  the  burning  gel  were  recorded.  One  was  the  time  required  to  burn 
the  gel  completely,  and  the  second  was  the  increase  in  area  due  to 
melting  of  the  gel.  Table  46  lists  the  results  of  the  burning  tests  for 
various  gelling  systems  using  a  total  additive  concentration  of  4.  0 
weight  percent.  In  run  number  8-45-2,  the  additives  were  4-isopropyl- 
benzylamine  and  4,  6-dimethyl- 1,  3-xylylene  diisocyanate.  This  system 
converts  the  JP-4  into  a  dry  particulate  gel.  The  gel  has  good  burning 
properties  in  that  a  time  of  16.  0  minutes  was  required  to  burn  100  grams 
of  gel.  While  burning,  the  gel  did  not  melt  but  remained  a  dry  solid. 
Several  other  additive  systems  listed  in  Table  46  had  good  burning 
properties  in  that  they  did  not  flow  while  burning  and  required  15.  0 
minutes  or  more  to  consume  the  fuel. 

Run  number  8-46-7  lists  an  example  of  the  burning  properties 
of  a  viscoelastic  gel.  In  this  run,  2 -ethylhexyl-3-aminopropyl  ether 
and  hexamethylene  diisocyanate  were  used  as  the  gelling  agents. 

Although  this  gel  has  excellent  impact  properties,  its  burning  proper¬ 
ties  are  poor.  This  gel  burned  in  only  4  minutes  and  flowed  over  an 
area  10  times  that  occupied  by  the  gel  prior  to  ignition. 
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Table  47  lists  the  burning  properties  of  the  same  gelling  systems; 
however,  the  total  additive  concentration  was  decreased  to  2.  5  weight 
percent.  If  one  compares  the  results  obtained  at  the  2.  5  weight  percent 
level  with  the  4.  0  weight  percent  level,  it  can  be  noted  that  those 
systems  which  did  not  m.slt  using  4.  0  weight  percent  additives  likewise 
did  not  melt  at  2.  5  weight  percent  additives.  With  those  systems  that 
did  melt  using  4.  0  weight  percent,  it  can  be  noted  that  when  the 
concentration  was  decreased  to  2.  5  weight  percent,  the  gels  melted  and 
covered  a  slightly  larger  area.  In  addition,  these  gels  burned  at  a 
faster  rate. 

IMPACT  PROPERTIES 

The  main  objective  of  fuel  gelation  is  to  develop  a  system  that 
will  contain  the  fuel  should  a  fuel  tank  be  ruptured  in  a  crash.  In  view 
of  this,  one  important  test  is  to  determine  how  the  various  fuel  gels 
perform  under  impact  conditions.  Figure  1  is  a  schematic  of  the  test 
equipment  used  to  obtain  the  impact  data.  The  front  of  the  container 
used  in  this  test  equipment  has  an  opening  1.  5  inches  long  and  0.  5  inch 
wide.  The  opening  is  taped  shut  and  the  fuel  is  gelled  in  the  container. 
The  tape  is  removed  and  the  arm  on  which  the  container  is  mounted  is 
pulled  parallel  to  the  base.  This  places  tension  on  the  spring.  When 
released,  the  arm  and  container  are  pulled  upward  by  the  spring  and 
strike  the  crossbar,  which  abruptly  stops  the  forward  motion. 

The  speed  at  which  the  container  travels  was  determined  by  a 
high  speed  camera.  Two  movies  were  taken,  one  when  the  arm  was 
drawn  back  45*  from  the  crossbar,  and  another  when  the  arm  was 
drawn  back  90*.  It  was  determined  that  when  the  arm  was  drawn  back 
45*  from  the  crossbar  and  released,  the  speed  Immediately  before  impact 
was  determined  to  be  6.  45  mph.  When  the  arm  was  drawn  back  90* 
before  release,  the  speed  immediately  before  impact  was  9.  5  mph. 

Since  several  assumptions  were  necessary  in  order  to  determine 
the  approximate  force  of  impact,  the  calculations  used  to  determine 
this  force  when  the  arm  was  released  at  the  45*  angle  are  as  follows. 

At  45*  the  speed  immediately  before  impact  was  determined  to 
be  6.45  mph;  therefore, 

6jJr5_mi  x  5280_ft  y - hr -  _  9,46  ft/sec 

hr  mi  3600  sec 
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The  arm  atrikes  a  1/8-inch  rubber  gasket  mounted  on  the  cross¬ 
bar.  Assume  that  the  1/8-inch  rubber  gasket  is  compressed  to  1/16 
inch  during  impact.  This  means  that  the  forward  motion  is  stopped 
over  a  distance  of  1/16  inch.  Therefore! 


1/16  in.  =  0.  0625  in.  =  0.  0625  in.  X 


ft 


12  in. 


a  0.  0052  ft 


Since  the  initial  speed  (v^)  was  9.46  feet/ second  and  the  final  velocity 
(vf)  was  0,  and  assuming  that  the  rate  of  deceleration  was  constant, 
then  the  average  velocity  (v»)  during  deceleration  is 


vi  ~  vf  9.  46  -  0 


a  2  2 
and  the  time  to  travel  0.  0052  feet  is 


*  4.  73  ft/ sec 


sec 


X  0.0052  ft  =  0.  0011 


sec 


4.  73  ft 

The  deceleration  (a)  on  impact  is  then  determined  by  the  following: 


a  -  S 


v  _  9. 46  ft  v,  1  ,,  .  2 

- v -  -  8600  ft/ sec 


t  sec  .0011  sec 
Expressing  this  in  terms  of  gravity, 
8600  ft/sec2  X-^-  =  i.68  G's 


Using  similar  calculations  and  making  the  same  assumptions, 
the  impact  force  applied  to  the  gel  when  the  arm  was  released  90*  from 
the  crossbar  was  calculated  to  be  approximately  580  G's. 

During  the  course  of  the  program  as  new  gels  were  developed, 
they  were  evaluated  on  the  impact  equipment.  The  results  of  these 
evaluations  are  compiled  in  Table  48.  In  run  number  6-21-1,  the 
lauryl  amine-Hylene  TM-65  gelled  fuel  under  an  impact  force  of  268 G's 
lost  11.  0  grams  of  fuel.  The  gel  was  thrown  forward  out  of  the  opening 
in  the  container.  It  broke  into  rmall  pieces,  whichsplattered  on  hitting 
the  ground. 
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In  run  number  6-22-2,  the  oleyl  amine -he xamethylene 
diiaocyanate  gelled  fuel  lost  9.  0  grama  under  the  tame  impact  force. 
When  the  teat  waa  repeated  aa  ahown  in  run  number  6-45-1,  8.  0  grama 
of  fuel  were  loat. 

Amine  803  and  hexamethylene  diiaocyanate,  whenuaedata  total 
concentration  of  4.  0  weight  percent,  converta  JP-4 into  a  viacoelaatic 
gel.  In  run  number  6-45-2,  thia  gel  waa  teated  under  impact  conditiona. 
When  the  gel  waa  aubjected  to  an  impact  force  of  580  G'a,  the  gel 
remained  in  the  container.  When  thia  aame  gel  waa  teated  a  aecond 
time,  4  email  quantity  of  the  gel  waa  extruded  through  the  opening  and 
hung  over  the  edge  of  the  hole.  During  both  impacta  none  of  the  gel 
waa  thrown  free  of  the  hole. 

In  an  effort  to  make  the  teat  more  aevere,  the  opening  in  the 
container  waa  increaaed  from  1.  5"  X  0.  5"  to  2.  5"  X  5/8".  The  impact 
force  on  all  the  teata  waa  580  G's. 

In  addition,  the  equipment  waa  deaigned  ao  that  the  gel  when 
thrown  from  the  container  flew  through  a  flame  depth  of  approximately 
10  inchea.  Screening  teate  ahowed  that  uaing  a  flame  depth  of  much 
leaa  than  10  inchea  reaulted  in  no  ignition  on  any  of  the  ayatema.  The 
impact  force  uaed  to  evaluate  the  gela  waa  580  G'a.  The  reaulta  of 
theee  teate  are  Hated  in  Table  49.  In  run  number  8-14-1,  4-chloro- 
benzylamine  and  m-xylylene  diiaocyanate  were  uaed  to  convert  JP-4 
to  a  dry  particulate  gel.  The  gel  had  little  coheaive  atrength.  On 
impact,  thegelloat23  grama.  The  gel  particlea  when  thrown  through 
the  flame  ignited  and  continued  to  burn  on  hitting  the  ground. 

In  run  number  8-14-2,  delta-aminobutylmethyldiethoxyailane  and 
menthane  diiaocyanate  converted  JP-4  into  a  gel  that  waa  elaatomeric 
in  nature.  Even  though  thia  gel  will  melt  and  flow  like  liquid  fuel  when 
once  ignited,  14  grama  of  the  gel  waa  thrown  from  the  container  and 
through  the  flame  without  igniting. 

In  run  number  8-22-1,  Amine  803  and  hexamethylene  diiaocyanate 
converted  JP-4  to  a  tough  viacoelaatic  gel.  Under  an  impact  force  of 
580  G'a,  thia  ayatem  contained  all  of  the  fuel.  It  ahould  be  pointed  out 
that,  even  though  thia  gel  did  contain  the  fuel,  once  ignited,  the  gel  melta 
and  flowa  like  liquid  fuel. 
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On  examination  of  the  results  obtained  from  the  impact  teste  as 
listed  in  Table  49,  it  can  be  noted  that  some  gels  lost  as  high  as  9  per¬ 
cent  of  the  gelled  fuel,  some  ignited,  and  some  of  the  gels  did  not  lose 
any  of  the  fuel. 

It  was  previously  stated  that  a  series  of  evaluation  tests  were 
made  in  an  effort  to  compare  the  various  gelling  systems.  This  series 
of  tests  included  the  impact  test.  The  gels  evaluated  in  these  tests  had 
a  gelling  rate  of  less  than  10  seconds.  The  impact  properties  of  these 
gels  are  listed  in  Tables  50  and  51. 

As  previously  stated,  the  front  of  the  container  containing  the 
fuel  had  an  opening  2-5/8  inches  in  length  and  5/8  inch  in  width.  The 
impact  force  used  to  evaluate  these  gels  was  580  C's.  Table  50  lists  the 
results  obtained  using  a  total  additive  concentration  of  4.  0  weight  per¬ 
cent,  and  Table  51  lists  the  results  obtained  using  2.  5  weight  percent 
additives.  It  can  be  noted  that  the  viscoelastic-type  gels  contained  all 
of  the  fuel  under  impact  conditions  at  both  4.  0  weight  percent  and  2.  5 
weight  percent  additives.  These  tests  are  listed  as  run  numbers  9*7-3 
and  9-7-4  in  Table  50  and  9-4-6  tnd  9-4-7  in  Table  51,  respectively. 

TEMPERATURE  LIMITS  FOR  VARIOUS  GELLING  SYSTEMS 


The  various  gelling  systems  are  usually  screened  at  ambient 
temperatures.  Since  the  gelling  system  must  apply  over  a  wide  temper¬ 
ature  range,  the  more  promising  gelling  systems  were  evaluated  at 
various  temperatures  in  order  to  determine  the  maximum  and  minimum 
temperatures  over  which  the  system  can  be  used  effectively.  Theprocedure 
used  was  to  cool  or  heat  JP-4  to  the  desired  temperature.  The  two 
additives  were  then  rapidly  added  with  stirring.  The  temperature 
limits  recorded  are  those  that  were  considered  the  maximum  and  mini¬ 
mum  temperatures  over  which  the  gelling  system  will  operate  effectively. 

In  runs  numbered  6-2-  1A  and  6-2-5  as  listed  in  Table  52,  it  is 
noted  that  the  temperature  range  for  the  hexamethylene  diisocyanatc- 
oleyl  amine  system  is  from  -10*C  to  40  *C. 

Lauryl  amine  when  reacted  with  hexamethylene  diisocyanate  also 
gelled  JP-4;  however,  the  gel  was  not  as  firm  as  was  obtained  when 
oleyl  amine  was  reacted  with  hexamethylene  diisocyanate.  In  an  effort 
to  determine  the  effect  of  temperature  on  this  system,  in  run  number 
6-3-3A  the  temperature  of  the  fuel  was  lowered  to  0*C.  At  this 
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temperature  no  gel  was  obtained  because  the  lauryl  amine  is  not 
soluble  in  JP-4.  This  experiment  also  indicates  that  the  Hylene  TM-65- 
lauryl  amine  system  probably  will  not  work  at  temperatures  0*C  or 
below  because  of  the  insolubility  of  the  amine  at  these  temperatures. 

With  the  hexamethylene  diisocyanate-2-ethylhexyl-3-aminopropyl 
ether  system,  the  temperature  range  was  from  -58*C  to  60*C. 

In  run  number  8-34-1,  delta-aminobutylmethyldiethoxysilane 
and  4,  6-dimethyl- 1,  3-xylylene  diisocyanate  were  added  to  jet  fuel 
heated  to  65*C.  The  additives  immediately  converted  the  fuel  to  a 
good  gel.  When  the  fuel  was  cooled  to  -40* C  prior  to  adding  the 
reactants  (run  number  8-34-2),  the  additives  rapidly  gelled  the  fuel. 

It  is  thought  that  this  is  the  lower  limit,  because  the  gel  lost  some  of 
its  cohesive  strength. 

When  4-6-dimethyl- 1,  3-xylylene  diisocyanate  was  reacted  with 
oleyl  amine  in  JP-4  heated  to  65*C,  it  rapidly  converted  the  fuel  to  a 
gel.  At  the  lower  temperature  range,  it  was  determined  that  the  mini¬ 
mum  temperature  at  which  this  system  will  operate  is  -27*C  (run 
number  8- 34- 3 A). 

When  ethoxyethylamine  and  4,  6-dimethyl- 1,  3-xylylene 
diisocyanate  were  reacted  in  JP-4  heated  to  65*C,  the  rate  of  gelation 
was  entirely  too  fast  to  obtain  good  mixing.  By  placing  each  additive 
into  half  of  the  fuel  and  then  rapidly  pouring  the  two  solutions  into  a 
third  container,  a  good  gel  was  obtained  at  the  aforementioned  tempera¬ 
ture. 


When  the  same  reactants  were  mixed  as  described  above  at 
-40* C,  the  additives  instantaneously  formed  a  particulate  gel. 

During  this  phase  of  the  program,  a  series  of  temperature 
limits  screening  tests  were  made  on  a  series  of  fuel  gels  in  order  that 
the  various  systems  can  be  compared.  In  this  comparison,  only  those 
systems  were  evaluated  that  would  gel  JP-4  in  less  than  10  seconds. 
The  results  of  these  tests  are  listed  in  Table  53  These  gels  were 
evaluated  using  a  total  additives  conncentration  of  4.  0  weight  percent. 
No  attempt  was  made  to  determine  the  temperature  limits  for  gels 
containing  2.  5  weight  percent  additives. 
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GEL  RIGIDITY 


During  the  course  of  this  investigation  various  types  of  fuel 
gels  were  developed.  These  included  gels  that  were  particulate, 
thixotropic,  dilatent,  and  viscoelastic.  In  an  effort  to  obtain  some 
comparative  data,  a  teat  was  designed  that  would  measure  the  rigidity  of 
the  gel.  This  test  involves  the  use  of  a  Hunter  Mechanical  Force  Gage 
Model  No.  L-500-M.  On  the  tip  of  the  gage  is  mounted  a  disc  having  a 
surface  area  of  one  square  inch.  The  procedure  used  is  to  place  the 
gage  disc  on  the  surface  of  the  gel.  Pressure  is  slowly  applied  and  the 
instrument  measures  the  applied  pressure  in  grams.  The  applied 
pressure  gradually  increases  until  the  gel  breaks  at  which  time  the 
gage  records  a  sudden  drop  in  applied  pressure.  The  maximum  applied 
pressure  is  recorded  as  the  gel  hardness.  This  comparative  test 
cannot  be  used  on  viscoelastic  gels.  With  viscoelastic  gels,  as 
pressure  is  applied  to  the  disc,  the  gel  yields  and  no  maximum  pressure 
can  be  observed. 

The  results  of  these  are  listed  in  Table  54.  In  run  number 
7*2-1,  the  hexamethylene  diisocyanate- Amine  803  system  produces  a 
viscoelastic  gel  at  room  temperature;  however,  when  the  fuel  in 
gelled  at  -58*C,  the  gel  is  no  longer  viscoelastic  and  has  a  hardness 
of  900  grams /inch2  at  this  temperature. 

In  run  number  7-43- IB,  JP-4  was  gelled  using  3-chlorophenyl 
isocyanate  and  4-chlorobenzyl  amine.  This  system  forms  a  firm 
particulate  gel.  It  has  a  hardness  rating  of  125  grams /inch^. 

In  run  number  8-6- IB,  the  gelling  system  was  m-xylylene 
diisocyanate  and  4-chlorobenzyl  amine.  The  total  additive  concentration 
was  4.  0  weight  percent.  This  system  instantaneously  forms  a  firm,  dry 
particulate  gel.  It  had  a  hardness  of  395  grams/inch^.  When  the 
additive  concentration  was  decreased  to  2.  0  weight  percent,  there  was 
little  change  in  the  hardness  of  the  gel  (run  number  7-50-2B). 

In  run  number  8-28-1  A,  4-chlorobenzylamiAe  and  4- 6 -dimethyl  - 
1,  3-xylylene  diisocyanate  form  a  dry  particulate  gel  in  JP-4.  The  gel 
has  little  cohesive  strength  and  is  readily  broken  undsr  shear.  However, 
with  respect  to  the  penetrometer  tests,  it  had  a  hardness  of  600  grams/ 
inch^.  Lauryl  amine  and  the  same  diisocyanate  likewise  instantaneously 
formed  a  good  particulate  gel  with  a  firmness  of  600  grams/inch^. 
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SPARK  IGNITION  PROPERTIES  OF  GELLED  FUELS 


During  a  plane  crash,  one  great  source  of  fire  is  caused  by 
flying  debris.  The  debris  on  hitting  the  landing  strip  will  spark  and 
ignite  vaporized  fuel  if  it  is  present.  In  view  of  this,  a  test  was  made 
on  the  various  gelled  fuels  in  order  to  determine  the  effect  of  gelation 
on  the  rate  of  hydrocarbon  vaporization  and  spark  ignition. 

A  schematic  of  the  equipment  used  to  determine  the  spark 
ignition  properties  of  the  various  gels  is  shown  in  Figure  2.  The  gel 
when  placed  in  the  container  has  a  surface  area  of  31.  0  cm2.  The  cross- 
sectional  area  of  the  container  is  10.  0  cm2,  and  the  area  of  the  exit 
orifice  is  0.  7  cm2.  The  air  velocity  is  measured  with  a  flow  meter. 

The  procedure  consists  of  starting  the  air  flow  across  the  gel,  and 
2  seconds  later  a  spark  is  continually  thrown  across  the  exit  orifice 
using  a  Tesla  coil.  The  data  recorded  is  the  maximum  air  flow  in 
which  the  vapors  can  be  ignited  with  the  Tesla  coil. 

Table  55  lists  the  results  obtained  using  a  total  additive  con¬ 
centration  of  4.  0  weight  percent.  For  comparison  purposes,  in  run 
number  9-11-1,  a  spark  ignition  test  was  run  on  JP-4.  It  can  be  noted 
that  JP-4  required  20  liters  of  air  per  minute  before  the  velocity  was 
great  enough  to  decrease  the  concentration  of  vaporized  hydrocarbon 
below  the  explosive  limits. 

If  one  analyzes  the  results  as  listed  in  Table  55,  it  can  be  noted 
that  gelling  the  fuel  significantly  decreases  the  rate  of  hydrocarbon 
vaporization.  The  three  best  gels  were  the  lauryl  amine-Hylene  TM-65 
system,  4-chlorobenzylamine-4, 6-dimethyl-l,  3-xylylene  diisocyanate 
system,  and  the  "Delta"  silane -menthane  diisocyanate  system.  These 
runs  are  listed  as  9-13-5,  9-11-3,  and  9-13-4  respectively. 

The  spark  ignition  tests  were  also  run  on  the  same  gelling 
systems  using  a  total  additive  concentration  of  2.  5  weight  percent.  The 
results  of  these  tests  are  listed  in  Table  56.  Analysis  of  the  results 
show  that,  at  the  lower  additive  concentration,  the  gels  are  slightly 
more  flammable  than  at  the  4.  0  weight  percent  level;  however,  the 
rate  of  vaporization  is  still  significantly  less  than  was  obtained  with 
JP-4. 
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COMPARATIVE  EVALUATION  OF  VARIOUS  GELS 


It  was  previously  stated  that  during  the  latter  phase  o£  the 
program,  various  tests  were  designed  in  order  to  evaluate  the  various 
gels  with  respect  to  rate  of  gelation,  gel  strength  (where  applicable), 
burning  properties,  temperature  limits,  spark  ignition  properties,  and 
performance  of  the  various  gels  under  impact  conditions. 

The  code  used  to  compare  the  various  gels  is  listed  in  Table  57. 
With  respect  to  gel  rigidity,  only  the  particulate  or  dilatent  gels  could 
be  evaluated  since  the  viscoelastic  gels  will  flow  when  pressure  is 
applied  to  the  surface  of  the  gel.  Since  these  gels  were  not  rigid 
enough  to  obtain  a  penetrometer  reading,  they  were  assigned  a  rating 
of  1. 


Only  those  gelling  systems  were  evaluated  that  had  a  gelation  rate 
of  10  seconds  or  less.  Several  gelling  systems  developed  during  this 
program  had  excellent  strength  and  burning  properties;  however,  they 
were  not  included  in  this  gel  comparison  study  since  their  rates  of 
gelation  were  too  slow. 

With  respect  to  the  temperature  range  over  which  the  various 
gelling  systems  will  apply,  the  rating  assigned  to  the  gels  not  only 
included  the  temperature  range  but  also  the  effect  of  temperature  on  the 
rate  of  gelation  as  well  as  any  adverse  effects  on  the  properties  of  the 
gels. 


When  the  burning  characteristics  of  the  gels  were  evaluated,  two 
properties  were  considered.  One  is  the  time  required  to  burn  the  gelled 
JP-4.  The  second  property  is  if  the  gel  melted  while  burning,  the  area 
over  which  it  flowed  was  recorded. 

Table  58  lists  the  comparative  ratings  for  the  various  gels  using 
a  total  additives  concentration  of  4.0  weight  percent.  If  one  examines 
the  data  as  listed  in  Table  58,  it  can  be  noted  that  several  systems 
received  excellent  ratings  in  certain  tests;  however,  no  system  received 
an  excellent  rating  in  all  of  the  tests. 

Of  the  various  systems  evaluated.  Table  58  indicates  that  the 
4-chlorobenzylamine-4,  6-dimethyl- 1,  3 -xylylene  diisocyanate  is  the 
best  system  since  it  was  rated  at  64  out  of  a  possible  70.  It  should  be 
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pointed  out  that  even  though  the  viscoelastic  gels  were  excellent  under 
impact  conditions  and  despite  their  rate  of  gelation,  they  received  a 
lower  rating  because  the  gel  rigidity  could  not  be  determined. 

Table  59  lists  some  comparative  tests  made  on  the  same  gelling 
systems  at  a  total  additive  concentration  of  2.  5  weight  percent.  Not  all 
of  the  tests  were  made  on  the  gels  containing  2.5  weight  percent  additives. 
The  tests  include  the  rate  of  gelation,  impact  properties,  burning  proper¬ 
ties,  .nd  the  spark  ignition  tests.  By  observing  the  results  as  listed  in 
Table  59,  it  can  be  noted  that  the  gels  containing  the  2.  5  weight  percent 
additive  were  not  rated  as  high  as  were  the  ones  containing  4.  0  weight 
percent  additives. 

After  carefully  evaluating  the  results  obtained  from  the  compara¬ 
tive  tests,  it  was  noted  that  several  of  the  additive  systems  performed 
exceptionally  well  in  two  or  more  of  the  tests.  These  systems  gelled 
the  fuel  in  less  than  one  second  and  are  considered  to  be  the  most  prom¬ 
ising  systems  developed  during  this  program. 

Impact  Temp.  Burning  Spark 
Additive  System  Performance  Range  Properties  Ignition 

Dodecenyl-2-aminoethyl  ether  X 

Hexamethylene  diisocyanate 

2-Ethylhexyl-3-aminopropyl  ether  X 
Hexamethylene  diisocyanate 

4-Chlorobenzylamine 
m-Xylylene  diisocyanate 

Hexylamine 

4, 4- Dimethyl- 1 ,  3-xylylene  diisocyanate 
4-Chlorobenzylamine 

4,  6-Dimethyl- 1 ,  3-xylylene  diisocyanate 
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The  first  two  systems  listed  above  form  viscoelastic  gels  in 
JP-4.  These  gels  excel  in  their  impact  performance,  temperature 
range  and  inhibition  of  spark  ignition;  however,  they  had  poor  burning 
properties.  The  latter  three  gelling  systems  form  particulate  gels. 
These  gels  excel  in  temperature  range,  burning  properties,  and 
inhibition  of  spark  ignition. 

The  development  of  an  additive  system  which  would  combine 
the  impact  properties  of  the  viscoelastic  gels  and  the  burning  properties 
of  the  particulate  gels  would  yield  the  optimum  system  for  the  rapid 
gelation  of  aircraft  fuels. 
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TOXICITY  OF  ADDITIVES 


The  liquid  isocyanates  are,  in  general,  irritating  to  the 
mucous  membranes  and  the  skin.  When  handling  these  materials, 
one  should  use  adequate  protection  for  the  skin  and  eyes.  All  work 
with  these  materials  should  be  carried  out  in  a  well-ventilated  area. 
All  contaminated  skin  areas  should  be  washed  with  soap  and  water. 

The  organic  amines  are  bases  and  may  cause  irritation  if 
allowed  to  remain  on  the  skin  in  an  undiluted  form.  Usually,  no 
effects  are  experienced,  although  some  persons  are  more  suscepti¬ 
ble  than  others.  In  case  of  direct  contact,  it  is  recommended  that 
the  excess  be  wiped  off  with  a  cloth  which  can  be  discarded.  The 
contact  area  should  be  washed  with  dilute  acetic  acid  or  vinegar 
and  rinsed  with  water,  followed  by  washing  with  soap  and  water. 
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EXPERIMENTATION 


The  following  ia  a  list  of  the  various  types  of  compounds 
synthesized  during  the  course  of  this  program.  This  list  does  not 
contain  all  of  the  compounds  synthesized;  however,  it  does  contain 
a  typical  example  for  each  class  or  type  of  compound  synthesized. 

PREPARATION  OF  TETRAMETHYLENE  DIISOCYANATE 

In  a  round-bottom  flask  equipped  with  a  gas  dispersion  tube, 
nitrogen  sweep  gas  system,  stirrer,  thermometer,  and  condenser, 
were  placed  100  grams  (1. 13  mole)  of  tetr  am  ethylene  diamine  and 
1500  ml  of  o-dichlorobenzene.  Anhydrous  hydrogen  chloride  was  then 
bubbled  into  the  rapidly  stirred  solution  until  the  diamine  was  converted 
to  the  dihydrochloride.  The  system  was  then  swept  with  nitrogen  to 
remove  the  excess  hydrogen  chloride. 

Phosgene  was  then  bubbled  into  the  rapidly  stirred  solution  for 
1.0  hour  at  room  temperature.  The  temperature  was  then  raised  to 
reflux,  and  the  phosgenation  was  continued  for  13.0  hours.  The  system 
was  then  swept  for  1.0  hour  with  nitrogen  and  cooled  to  room  tempera¬ 
ture.  The  mixture  was  then  filtered,  and  the  pure  diisocyanate  was 
ob  ained  by  fractional  distillation.  The  boiling  point  was  101  *C  at  11.0 
millimeters  of  mercury.  The  yield  was  61percent.  NCO  analysis: 
theoretical.  60.0  percent;  found,  59.4  percent. 

PREPARATION  OF  1,  3,  5-BENZENE  TRIISOCYANATE 

98.8  grams  (0.425  mole)  of  benzene  triamine  trihydrochloride 
and  0.6  liter  of  xylene  were  placed  in  a  round-bottom  flask  equipped 
with  a  gas  dispersion  tube,  nitrogen  sweep  gas  system,  stirrer, 
thermometer,  and  condenser.  The  system  was  swept  with  dry 
nitrogen  for  0.  25  hour  at  room  temperature.  Phosgene  was  then  bubbled 
into  the  rapidly  stirred  mixture  for  0.  5  hour.  The  temperature  was 
raised  to  reflux,  and  phosgenation  was  continued  for  7  hours.  The  mix¬ 
ture  was  then  swept  with  nitrogen  for  1  hour,  cooled  to  room  temperature, 
and  filtered.  The  solvent  was  removed  by  distillation,  and  the  crude 
triisocyanate  was  purified  by  crystallization  from  a  toluene-hexane 
mixture.  The  melting  point  was  70  to  75*C. 
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PREPARATION  OF  2.  4,  6- TOLUENE  TRIISOCYANATE 

In  a  round-bottom  flask  equipped  with  a  gas  dispersion  tube, 
nitrogen  sweep  gas  system,  stirrer,  condenser,  and  water  trap,  were 
placed  98.0  grams  (0.  397  mole)  of  2,  4,  6-toluene  triamine  trihydro¬ 
chloride  and  1.0  liter  of  o-dichlorobenzene.  The  diamine  dihydrochlo¬ 
ride  was  dried  by  azeotroping  the  water. 

Phosgene  was  then  bubbled  into  the  rapidly  stirred  mixture  for 
0.  5  hour  at  room  temperature.  The  temperature  was  then  raised  to 
reflux,  and  phosgenation  was  continued  for  7  hours.  The  system  was 
swept  with  nitrogen  for  1  1  our,  cooled  to  room  temperature,  and 
filtered.  The  solvent  was  removed  by  distillation,  and  the  crude 
triisocyanate  was  purified  by  recrystallization  from  a  benzene-hexane 
mixture.  The  yield  was  61  percent.  Melting  point:  reported,  75*C; 
found,  70-72‘C. 

PREPARATION  OF  4-METHOXV-m-PHENYLENE  DIISOCYANATF 

A  mixture  consisting  of  100  grams  (0.474  mole)  of  4-methoxy- 
m-phenylene  diamine  dihydrochloride  and  900  milliliters  of  o-dichloro¬ 
benzene  was  added  to  a  round-bottom  flask  equipped  with  a  gas 
dispersion  tube,  nitrogen  sweep  gas  system,  thermometer,  stirrer,  and 
condenser.  Phosgene  was  bubbled  into  the  rapidly  stirred  solution 
for  1.0  hour  at  room  temperature.  The  temperature  was  then  raised 
to  reflux,  and  phosgenation  continued  for  4  hours.  The  system  was  then 
swept  with  nitrogen  for  1  hour  and  cooled  to  room  temperature.  The 
Mixture  was  filtered  and  the  solvent  removed  by  distillation.  The 
crude  diisocyanate  was  purified  by  recrystallization  from  hexane  at 
0*C.  Yield:  59  percent 

PREPARATION  OF  l-CHLORO-2,  4-BENZENE  DIISOCYANATE 

In  a  round-bottom  flask  equipped  with  a  thermometer,  gas 
dispersion  tube,  stirrer,  condenser,  and  a  nitrogen  sweep  gas  system, 
were  placed  89.0  grams  (0.62  mole)  of  l-chloro-2,  4-benzene-diamine, 
and  1000  milliliters  of  xylene.  Anhydrous  hydrogen  chloride  was  then 
bubbled  into  the  stirred  solution  until  the  diamine  was  converted  to  the 
dihydrochloride.  The  system  was  then  purged  with  nitrogen  until  the 
excess  hydrogen  chloride  was  removed. 


Phosgene  was  then  bubbled  into  the  rapidly  stirred  suspension, 
and  the  temperature  was  raised  to  reflux.  The  phosgenation  reaction 
was  continued  for  7  hours.  The  system  was  then  purged  with  nitrogen, 
cooled  to  room  temperature,  and  filtered.  The  pure  diisocyanate  was 
obtained  by  fractional  distillation.  The  boiling  point  was  105*C  at  1.4 
millimeters  of  mercury.  NCO  equivalent:  theoretical,  43. 2  percent; 
found,  43.0  percent. 

PREPARATION  OF  m-PHENYLENE  DIISOCYANATE 

In  a  round-bottom  flask  equipped  with  a  thermometer,  stirrer, 
gas  dispersion  tube,  condenser,  and  nitrogen  sweep  gas  system,  were 
placed  100  grams  (0.  55  mole)  of  m-phenylene- diamine  dihydrochloride 
and  0.9  liter  of  xylene. 

Phosgene  was  bubbled  into  the  rapidly  stirred  mixture  for  0.  5 
hour  at  room  temperature.  The  temperature  was  then  raised  to  reflux, 
and  phosgenation  continued  an  additional  7.  5  hours.  The  system  was 
purged  with  dry  nitrogen  for  1.0  hour,  cooled  to  room  temperature,  and 
filtered.  The  pure  diisocyanate  was  obtained  by  fractional  distillation. 
Yield:  81.  5  percent.  The  boiling  point  was  102-3*C  at  9.  2  millimeters 
of  mercury.  The  melting  point  was  48-50‘C. 

PREPARATION  OF  1,  4-BIS(ISOCYANATOMETHYL)  CYCLOHEXANE 

A  mixture  consisting  of  71.0  grams  (0.5  mole)  of  1,  4-bis(amino- 
methyl)  cyclohexane,  0.9  liter  of  o-dichlorobenzene,  andO.  1  liter  of 
benzene  was  placed  in  a  round- bottom  flask  equipped  with  a  gas 
dispersion  tube,  nitrogen  sweep  gas  system,  thermometer,  stirrer, 
condenser,  and  water  trap.  The  mixture  was  dried  by  distilling  off  the 
benzene-water  azeotrope. 

The  water  trap  was  removed,  and  anhydrous  hydrogen  chloride  was 
bubbled  into  the  rapidly  stirred  solution  until  the  diamine  was  converted 
to  the  corresponding  dihydrochloride.  The  system  was  then  purged 
with  nitrogen  to  remove  the  excess  hydrogen  chloride. 

Phosgene  was  then  bubbled  into  the  rapidly  stirred  solution  for 
0.  5  hour  at  room  temperature.  The  temperature  was  raised  to  reflux, 
and  phosgenation  continued  for  6.0  hours.  The  system  was  purged  with 
nitrogen  for  1.0  hour,  cooled  to  room  temperature^  andfiltersd.  The 
pure  diisocyanate  was  obtained  by  fractional  distillation.  The  boiling 
point  was  119*C  at  1.9  millimeters  of  mercury.  Yield:  77  percent. 
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PREPARATION  OF  MENTHANE  DHSOCYANATE 


In  a  round-bottom  flask  equipped  with  a  gaa  diaperaion  tube, 
thermometer,  nitrogen  .  ..  ^op  gaa  syatem,  auirer,  condenaer,  anu 
water  trap^  were  placed  85.  2  grama  (0.  5  mole)  of  menthane  diamine, 

1.  5  liter  of  o -dichlorobenzene,  andO.  1  liter  of  benzene.  The  mixture 
waa  dried  by  diatilling  off  the  benzene-water  azeotrope. 

The  diamine  dihydrochloride  waa  obtained  by  bubbling  anhydroua 
hydrogen  chloride  into  the  rapidly  atirred  aolution.  After  the  reaction 
waa  complete,  the  exceaa  hydrogen  chloride  waa  removed  by  purging 
with  nitrogen. 

Phoagene  waa  then  bubbled  into  the  rapidly  atirred  alurry  of  the 
diamine  dihydrochloride  for  1.0  hour  at  room  temperature.  The 
temperature  waa  then  raiaed  to  reflux  and  phoagenation  continued  for 
an  additional  6.0  houra.  The  ayatem  waa  then  purged  with  nitrogen  for 
1.0  hour,  cooled  to  room  temperature,  and  filtered.  The  pure  diiaocyanate 
waa  obtained  by  fractional  diatillation.  The  boiling  point  waa  86  to  88 *C 
at  0.  7  millimeter  of  mercury.  Yield:  74.4  percent. 

PREPARATION  OF  2-ETHYLHEXYL-2-CYANOETHYL  ETHER 

A  mixture  consiating  of  520  grama  (4.0  mole)  of  2-ethylhexanol 
and  26.0  grama  of  potaaaium  hydroxide  in  29.0  grama  of  water  was 
placed  in  a  round-bottom  flask  equipped  with  a  stirrer,  thermometer,  and 
dropping  funnel.  The  flask  was  placed  in  an  ice-bath  and  the  mixture 
cooled  to  20  *C.  212  grama  (4  moles)  of  acrylonitrile  waa  then  added 
by  drops,  maintaining  a  temperature  range  of  28  to  32*C.  After  the  addition 
of  the  acrylonitrile  waa  completed,  the  aolution  washeated  at  40*C  for 
4  houra. 

The  nitrile  waa  extracted  with  0.  3  liter  of  methylene  dichloride. 

The  organic  phase  waa  separated  and  washed  with  dilute  hydrochloric 
acid  and  then  with  aqueous  sodium  bicarbonate.  The  organic  layer  was 
sepa-Med  and  dried  over  magnesium  sulfate.  The  pure  2- ethylhexyl- 
2-cyanoethyl  ether  waa  obtained  by  fractional  distillation.  The  boiling 
point  was  101*C  at  2. 0 millimeters  of  mercury.  Yield:  49  percent. 
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PREPARATION  OF  2-ETHY LHEXYL-3-AMINOPROPYL  ETHER.  NO.  1 


A  mixture  consisting  of  30.0  grams  (0.  264  mole)  of  2-ethylhexyl- 
2-cyanoethyl  ether,  10  grams  (0.  264  mole)  of  sodium  borohydride,  20 
milliliters  of  tetrahydrofuran,  and  50  milliliters  of  diglyme  was  placed  in  a 
roundbottom  flask  equipped  with  a  stirrer,  thermometer,  dropping  funnel, 
and  condenser.  A  solution  containing  17.  4  grams  (0.  13  mole)  of  aluminum 
chloride  was  added  by  drops,  maintaining  a  temperature  of  23  to  27*C. 

After  the  solution  was  stirred  for  1.  0  hour,  an  additional  10.  0  grams 
(0.  075  mole)  of  aluminum  chloride  dissolved  in  70  milliliters  of  tetra- 
hydrofuran  and  70  milliliters  of  diglyme  was  added,  and  the  stirring  was 
continued  for  another  hour. 

The  solvents  were  removed  by  distillation.  The  residue  was 
poured  into  ice  water  and  then  acidified  with  dilute  sulfuric  acid.  The 
organic  layer  was  then  washed  with  dilute  sodium  hydroxide,  separated, 
and  dried  over  magnesium  sulfate.  The  pure  2-ethylhexyl-3-amino- 
propyl  ether  was  obtained  by  fractional  distillation.  The  boiling  point 
was  78  to  80*C  at  0.  7  millimeter  of  mercury.  Yield:  64  percent. 

PREPARATION  OF  2-ETHYLHEXYL-3-AMINOPROPYL  ETHER.  NO.  2 

In  a  round-bottom  flask  equipped  with  a  thermometer,  stirrer, 
and  dropping  funnel,  were  placed  0.  6  liter  of  dry  dioxane  and  (2.  0  mole) 
of  sodium.  The  mixture  was  heated  to  reflux  and  rapidly  stirred  to 
produce  a  fine  molten  dispersion  of  sodium.  202.  7  grams  (2.  7  mole) 
of  3-aminopropanol  was  added  hy  drops  over  a  2.  0-hour  period.  The 
mixture  was  held  at  reflux  temperature  an  additional  16.  0  hours  with 
stirring.  After  cooling  the  mixture,  401.  0  grams  (2.  7  mole)  of  2- 
ethylhexyl  chloride  was  added  by  drops  over  a  3.  0-hour  period.  The 
mixture  was  then  heated  under  reflux  for  13  hours.  The  cooled 
mixture  was  diluted  with  benzene,  water  washed,  and  dried  over  sodium 
sulfate.  The  pure  2-ethylhexyl-3-aminopropyl  ether  w«s  obtained  by 
fractional  distillation.  The  boiling  point  was  60  to  65*C  at  0.5  milli¬ 
meter  of  mercury.  Yield:  33  percent 

PREPARATION  OF  DODECENYL-2-AMINOETHYL  ETHER 

In  a  round-bottom  flask  equipped  with  a  thermometer,  stirrer, 
and  dropping  funnel,  were  placed  34.  5  grams  (1.  5  mole)  of  sodium 
and  0.  5  liter  of  dry  dioxane.  The  mixture  was  heated  to  reflux  with 
rapid  btirring.  Then  100.  0  grams  (1.  8  mole)  of  ethanolamine  was 
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added  by  drop*.  After  the  addition  was  completed,  the  mixture  was 
stirred  under  reflux  for  14.0  hours. 

The  mixture  was  then  cooled  to  1 1  to  15*C,  and303.8  grams  (1.5 
mole)  of  l-chloro-5,  5,  7,  7,  -tetramethyl-2-octene  was  added  by  drops 
over  a  2.0-hour  period.  The  mixture  was  then  stirred  for  5.0  hours, 
maintaining  a  temperature  of  25"C.  At  the  end  of  this  period,  the  tem¬ 
perature  was  raised  to  reflux  and  stirring  continued  an  additional 
3.0  hours.  The  cooled  mixture  was  diluted  with  benzene,  water 
washed,  and  dried  over  magnesium  sulfate.  The  pure  dodecenyl-2- 
aminoethyl  ether  was  obtained  by  fractional  distillation.  The  boiling 
point  was  78  to  84*C  at  0.  3  millimeter  of  mercury.  Yield:  71  percent. 
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LITERATURE  SEARCH 


Included  in  the  scope  of  this  contract  was  a  literature  search 
concerned  with  the  gelation  of  hydrocarbons.  This  literature  search 
revealed  that  the  major  effort  concerning  the  gelation  of  hydrocarbons 
was  related  to  the  preparation  of  napalm  or  gels  that  would  apply 
to  flame  throwers.  The  greatest  proportion  of  the  literature  references 
were  related  to  the  aforementioned  applications  and  did  not  apply  to 
the  rapid  gelation  of  aircraft  fuels.  As  a  result,  the  literature  search 
is  included  as  Appendix  III. 


/ 
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ATTEMPTED  GELATION  OF  JP-4  USING  ADIPYL  CHLORIDE  AND  VARIOUS  AMINES 
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GELATION  OF  JP-4  USING  DODECYL  MALONYL  CHLORIDE  AND  VARIOUS  AMINES 
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actured  by  Emery  Industrie*. 
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Dimer  diamine  3.0  4.  3  Formed  a  sticky  ppt  which  agglomerated 
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6*13-4  1.  3  Dimer  diamine  3  0  4.  3  Separated  ae  an  oil. 
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GELATION  OF  JP-4  USING  DECAMETHYLENE  DIISOCYANATE  AND  VARIOUS  AMINES 
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GELATION  OF  JP-4  USING  HEXAMETHYLENE  DIISOCYANATE  AND  VARIOUS  AMINES 
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-7-4  1.5  1,  1,  3,  3-Tetramethyl 

butyl  Amine  2.5  4.0  Thie  system  formed  a  thick  slurry  of 

solids  in  the  JP-4. 
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*2,  4,6-Toluene  triiaocyanate 
**Hexamethylene  diisocyanate 
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GELATION  OF  JP-4  USING  p-XYLYLENE  DUSOCYANATE  AND  VARIOUS  Ai 
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-19-8  0.9  o-Xylylene  diamine  1.6  2.5  Formed  a  ppt.  in  the  fuel. 


TABLE  21 

GELATION  OF  JP-4  USING  m-PHENYLENE  DIISOCYANATE  AND  VARIOUS  AMINES 
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GELATION  OF  JF-4  USING  m-XYLYLENE  DHSOCYANATE  AND  VARIOUS  AMINES 
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Lauryl  omine  2.  65  4. 0  Instantaneously  formed  a  very  dry 

particulate  gel. 


GELATION  OF  JP-4  USING  4.  6-DIMETHYL- 1.  VXYLYLENE  DIISOCYANATE  AND  VARIOUS  AMINES 
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-30-3  2.2  **-I«opropylbenzylarrune  3.0  5.2  Instantaneously  formed  a  dry  particulate 

gel.  Cel  had  little  cohesive  strength 
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GELATION  OF  JP-4  USING  MENTHANE  DIISOCYANATE  AND  VARIOUS  AMINES 
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GELATION  OF  JP-4  USING  OLEYL  ISOCYANATE  AND  VARIOUS  AMINES 
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-36-3  3.0  Cyclohexytamine  1.0  4.0  Product  aoluble  in  JP 


GELATION  OF  JP-4  USING  3-CHLOROPHENYL  ISOCYANATE  AND  VARIOUS  AMINES 
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4  CMorobenzyl  4mme 


GELATION  OF  JP-4  USING  NAPHTHYL  ISOCYANATE  AND  VARIOUS  AMINES 
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GELATION  OF  JP-4  USING  1.  I.  3.  3-TETRAMETHYL  BUTYL  AMINE  AND  VARIOUS  ISOCYANATES 
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7-9-5  2.7  2.  4-Tolyl«n«  diisocyanats  1.3  4.0  Product  soluble  i 
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8-9-2  2-0  1. 4- Bis(isocyanatomethyl)  2.0 

cyclohexane 
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GELATION  OF  JP-4  USING  DODECENY L-  2- AMINOETHYL  ETHER  AND  VARIOUS  DIISOCYANATES 


■g  o  5 

H  y  o 


»  5  « 

o  -  S 

T  „  ^ 
o.  1  0 

•->  H  *  . 
■O  o  T 

u  l)  -  N 
v  oct:  i 

g- 

>» «—  i. 

^  O  S  5 
a  «  «  X 

""Sc 

06  >  »  .S 


>  c  ^ 

t  2  2  X 

w  w  oc 

3  d  »0 

o  *s  ° 

**  e  m 

M 

4  A  •v 

*4  *3  *) 

2  0  c  ? 

-  «  -  3 

«  3  i  o' 

2S0  s 

11  .  •  t> 

£  1  -  n 

;  “I  S! 

11  u  > 

t*  z  •  •  — 

«  ;  £  c  * 

>  JS  o  o  ^ 

®  0  *  W  it 

U  U  .«  4  m 


f  *2 

H  - 
•O  • 

—  S  *5 

V  b  Cl 


&  M 

«  s  * 

■c  O  M 

M  U  4 

2 


*  *1 

*  35 


^  >s  1 /> 

»o 

0 

0 

m 

M  U  f* 

00 

O' 

tn 

0 

N 

*  0 

^  *  — 

o 

d 

d 

- 

d 

•3 

« 

ra 

• 

c 

4  * 

5  3 

4  • 

M 

• 

d 

e 

in 

nO 

1 

2 

H 

c 

V 

■s 

tf 

"S* 

43 

9 

• 

>*  ^ 
u  0 

0  -3 

•  u 

>* 

s  u 

e 

• 

9 

0 

H 

c 

s 

‘i 

5 

S 

s 

c 

s 

B 

4 

M 

& 

4 

ft* 

M 

A 

1 

4* 

1 

*0 

V 

6 

4 

M 

*>. 

4 

V 

_ 

s 

X 

X 

H 

•* 

N 

X 

in 

in 

0 

* 

m 

<M 

M 

*} 

4» 

fM 

t» 

rq 

N 

N 

n 

d 

— * 

r*4 

Csl 

<■* 

N 

1 

f» 

I 

00 

oo 

O' 

O' 

O' 

nj 

fM 

rvl 

r4 

M 

N 

l- 

r*- 

n- 

r- 

r* 

103 


obtained  in  approximately 
6  seconds- 
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TABLE  43 


RATES  OF  GELATION  USING  VARIOUS  GELLING  AGENTS  AT  A  TOTAL 
ADDITIVE  CONCENTRATION  OF  4. 0  WEIGHT  PERCENT 


Gelation 

Wt  % 

Rate, 

Run  No. 

Additive  Syetem 

Addit  ive 

Seconda 

8-43-1 

4-Chlorobenxylarr.ine 

2.  3 

0.2 

m-Xylylene  diieocyanate 

1.  7 

8-43-2 

0  Ethoxyethylamine 

1.5 

0.08 

Naphthyl  ieocyanate 

2.  5 

8-43-6 

4  -  Chlorobenz  ylamine 

2.2 

0. 06 

4,  6-Dimethyl- 1,  1-xylylene  diieocyanate 

1.8 

8-44-6 

Lauryl  amine 

2.5 

0.08 

4,  6-Dimethyl- 1,  3-xylylene  diieocyanate 

1.  5 

8-43-3 

0-  Ethoxyethylamine 

1.9 

0.04 

4,  6-Dimethyl-  1, 3-xylylene  diieocyanate 

2.  1 

8-43-4 

Oleyl  amine 

2.8 

0.  13 

4.  6-Dimethyl- 1,  3-xylylene  diieocyanate 

1.2 

8-44-3 

n-Hexylamine 

2.  3 

0.05 

4,  6-Dimethyl-  1,  3-xylylene  diieocyanate 

1.7 

8-44  4 

4  -leopropylbenz ylamine 

2.  3 

0. 10 

4.  6-Dimethyl-  1.  3-xylylene  diieocyanate 

1.7 

8-44-7 

Dod*cenyl-2-aminoethyl  ether 

2.9 

9.0 

1,  4-  Bie(ieocyanatomethyl)cyclohexane 

1.  1 
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TABLE  43  (Cont'd) 


Gelation 


Wt  % 

Rate. 

Run  No. 

Additive  Svatem 

Additive 

Second* 

8-41-1 

Lauryl  amine 

2.7 

1.  5 

Hylene  TM-65 

1.  3 

8-41-2 

Oleyl  amine 

3.02 

3.4 

Hexam  ethylene  diiiocyanate 

0.98 

8-41-3 

Amine  803 

2.8 

2.  3 

Hexamethylene  diiiocyanate 

1.2 

8-41-4 

Dodecenyl-2-aminoethyl  ether 

3.  1 

3.0 

Hexamethylene  diiiocyanate 

0.9 

8-42-2 

Lauryl  amine 

2.5 

1.  1 

Hexamethylene  diiaocyanate 

1.  s 

8-42-3 

"Delta"  eilane* 

2.4 

1.9 

Hexamethylene  diiaocyanate 

1.  6 

B-42-4 

Coco  amine 

2.3 

3.0 

Naphthyl  ieocyanate 

1.  7 

♦Delta-aminobuty  lmethyldiethoxy  *i  lane . 
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TABLE  44  (Cont'd) 


Gelation 

Wt  % 

Rate, 

Run  No. 

Additive  System 

Additive 

Seconds 

8-42-6A 

4-Chlorobensylamin* 

1.  35 

0. 07 

4, 6-Dimethyl- 1,  3-xylylene  diieocyanate 

1.  IS 

8-42-7A 

Lauryl  amine 

1.6 

0.08 

4, 6 -Dimethyl-  1.3«ylylene  diisocyanate 

0.9 

8-42-8A 

0  -  Ethoxyethylamine 

1. 25 

0.07 

4,6-Dimethyl-  1, 3-xylylene  diieocyanate 

1.25 

8-42-9A 

Oleyl  amine 

1.75 

0.13 

4,  6-Dimethyl- 1,  3-xylylene  diieocyanate 

0.75 

8-44- IA 

n-Hexyl  amine 

1.2 

0.45 

4,  6-Dimethyl- 1,  3-xylylene  diieocyanate 

1.3 

8-44-4A 

4-Ieopropylbensylamine 

1.25 

0. 16 

4,  6-Dimethyl  -  1,  3-xylylene  diieocyanate 

1.25 

8-44-7A 

Dodecenyl-2-aminoethyl  ether 

1.8 

10.5 

1, 4-Bis(isocyanatomethyl)  cyclohexane 

0.7 

8-44-8A 

"Delta"  silane* 

1.8 

14.0 

Menthane  diieocyanate 

0.7 

•Delta-aminobutylmethyldiethoxysilane. 
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BURNING  PROPERTIES  OF  JP-4  GELLED  WITH  VARIOUS  SYSTEMS 
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mass  of  gel  melted  and  spread  over 
an  area  of  4  to  5  times  its  initial 
diameter  (approximately  15  to  18 
inches). 


TABLE  44 


BATES  OF  GELATION  USING  VARIOUS  GELLING  AGENTS  AT  A  TOTAL 
ADDITIVE  CONCENTRATION  OF  2.5  WEIGHT  PERCENT 
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Wt  % 

Rate. 

Run  No. 

Additive  System 
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Lauryl  inuni 
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2.8 

Hylene  TM-65 
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Oleyl  amine 

1.9 

5.0 

Haxamathylana  diisocyanata 

0.6 
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2-Ethylhexyl-  1-aminopropyl  ether 

1.75 

4.0 

Hexamethylena  diiaocymrata 

0.75 

841-4A 

Dodec< nyl- 2-amino  ethyl  ether 

1.9 

4.0 
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4  -  Chlor  obenaylamine 
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1.  1 
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1.  1 
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0-  Ethuxyethylamine 

1.0 

0.09 

Naplthyl  taocyanate 

1.5 
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8-46-7  Olcvl  amine 

4,  6-Dimethyl- 1.  3-xylylene  diieocyanate 
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8-46-7A  Oleyl  amine  1.75 

4,  6-Dimethyl-  1,  3-xylylene  diisocy&nate  0.  75 
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EVALUATION  OF  VARIOUS  GELS  UNDER  IMPACT  CONDITIONS 
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,  4-Bi»(i*ocy»n»tomethyl)  cyclohexane 


IMPACT  PROPERTIES  OP  VARIOUS  GELS  AT  A  TOTAL  ADDITIVE 
CONCENTRATION  OF  2.  5  WEIGHT  PERCENT 
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DETERMINATION  OF  TEMPERATURE  LIMITS  FOR  VARIOUS  CELLING  SYSTEMS 
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Hexamethylene  diisocyanate  1.2  4.0  -58  Addition  of  the  diisocyanate  rapidly  converted 

2-Ethylhexyl-  3-amino-  2.  8  the  fuel  to  a  dry,  very  hard  gel.  On  warming, 

propyl  ether  the  gel  became  viscoelastic. 
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DETERMINATION  OF  TEMPERATURE  LIMITS  FOR  VARIOUS  GELLING  SYSTEMS 
USING  4.0  WEIGHT  PERCENT  ADDITIVES 
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6-49-1  Hexamethylene  diisocyanate  1.  55  4.0  450  This  system  forms  a  firm 

Lauryl  amine  2.45  particulate  gel. 
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TABLE  54  (Cont'd> 
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TABLE  55 


SPARK  IGNITION  TESTS  ON  GELS  CONTAINING  4.  0  WEIGHT  PERCENT  ADDITIVES 


Hun 

No. 

Additive  System 

Wt  % 
Additive 

Air 

Velocity 

litera/min 

9-11-1 

JP-4  only 

0.0 

20.0 

9-12-4 

4  -  Iaop  ropy  lbenzy  lam  ine 

2.  3 

6.0 

4,  6-Dimethyl- 1,  3-xylylene  diiaocyanate 

1.7 

9-13-6 

p-  Ethoxy  ethylamine 

1.9 

5.  5 

4,  6-Dimethyl- 1,  3-xylylene  diiaocyanate 

2.  1 

9-12-5 

n-Hexylamine 

2.  3 

4.5 

4,  6-Dimethyl-  1  3-xylylene  diiaocyanate 

1.7 

9-13-5 

Lauryl  amine 

2.7 

3.0 

Hylene  TM-65 

1.3 

1 

*4 

1 

0“ 

Oleyl  amine 

3.02 

6.0 

Hexamethylene  diiaocyanate 

0.98 

9-11-4 

2-Ethylhexyl- 3-aminopropyl  ether 

2.6 

4.5 

Hexamethylene  diiaocyanate 

1.2 

9-11-2 

Dodecenyl-2-aminoethyl  ether 

3.  1 

4.  5 

Hexamethylene  diiaocyanate 

0.9 

TABLE  55  (Cont’d) 


Run 

No. 

Additive  System 

Wt  % 
Additive 

Air 

Velocity, 

liters/min* 

9-13-1 

4-Chlorobenzylamine 

2.  3 

4.  5 

m-Xylylene  diisocyanate 

1.7 

9-12-2 

Lauryl  amine 

2.  5 

5.0 

Hexam ethylene  diiaocyanate 

1.  5 

9-12-3 

"Delta  "silane 

2.4 

6.0 

Hexamethylene  diisocyanate 

1.6 

9-12-6 

Coco  amine 

2.  3 

5.  5 

Naphthyl  isocyanate 

1.7 

9-12-7 

Lauryl  amine 

2.  5 

4.0 

4.  6- Dimethyl- 1,  3-xylylene  diisocyanate 

1.  5 

9-  12-8 

P  -  E'hoxy  ethylamine 

1.5 

10.0 

Naphthyl  isocyanate 

2.  5 

9-11-3 

4-Chlorobenrylamine 

2.2 

2.  5 

4.  6- Dimethyl-1,  3-xylylene  diisocyanate 

1.8 

9-13-2 

Oleyl  amine 

2.  8 

8.0 

4.  6-Dimethyl- 1,  3-xylylene  diisocyanate 

1.2 

9-13-3 

Dodecenyl-2-aminoethyl  ether 

2.9 

3.  5 

1,  4-Bis(isocyanatomethyl)  cyclohexane 

1.  1 

9-13-4 

Delta"  silane 

3.0 

2.  5 

Menthane  diisocyanate 

1.0 

*The  maximum  air  velocity  in  which  the  vapora  can  be  ignited  with  a  Tesla  coil. 


TABLE  56 


SPARK  IGNITION  TESTS  ON  GELS  CONTAINING  2.  5  WEIGHT  PERCENT  ADDITIVES 


Air 


Run 

Wt  % 

Velocity, 

No. 

Additive  System 

Additive 

litera/min* 

9- 14-4 

4-  Isopropy  lbenty  lamine 

1.25 

7.  5 

4,  6-Dimethyl- 1,  3-xylylene  diiaocyanate 

1.25 

9-15-2 

P  -  Ethoxy  ethy  lam  ine 

1.25 

10.2 

4,  6-Dimethyl- 1,  3-xylylene  diiiocyanate 

1.25 

9-13-9 

n-Hexylamine 

1.2 

10.2 

4,  6-Dimethyl- 1,  3-xylylene  diiaocyanate 

1.3 

9-14-1 

Lauryl  amine 

1.  7 

5.0 

Hylene  TM-65 

0.8 

9-14-2 

Oleyl  amine 

1.9 

6.  5 

Hexamethylene  diiaocyanate 

0.6 

9-14-6 

2-Ethylhexyl- 3-aminopropyl  ether 

1.75 

5.0 

Hexamethylene  diiaocyanate 

0.75 

9-14-5 

Dodecenyl-2-aminoethyl  ether 

1.9 

5.0 

Hexamethylene  diiaocyanate 

0.6 

9-13-8 

4-Chlorobenasylamine 

1.4 

9.0 

rti-Xylylene  diiaocyanate 

1  1 
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TABLE  56  (Cont’d) 


Run 

No. 

Additive  System 

Wt  % 
Additive 

Air 

Velocity 

liters/min» 

9-15-7 

Lauryl  amine 

1.  6 

5.5 

Hexamethylene  dii  ncyanate 

0.9 

9-  14-3 

"Delta"  silane 

1.  6 

6.0 

Hexamethylene  diisocyanate 

0.9 

9-15-1 

Coco  amine 

1.4 

5.  5 

Naphthyl  isocyanate 

1.  1 

9-14-7 

Lauryl  amine 

1.  6 

9.0 

4.  6-Dimethyl- 1,  3-xylylene  diisocyanate 

0.9 

9-15-3 

p  -  Ethoxy  ethylamine 

1.0 

11.5 

Naphthyl  isocyanate 

1.5 

9-13-7 

4-Chlorobenzylamine 

1.35 

9.0 

4,  6-Dimethyl- 1,  3-xylylene  (Lisocyanate 

1.  15 

9-15-6 

Oleyl  amine 

1.75 

8.  5 

4,  6-Dimethyl-  1,  3-xylylene  diisocyanate 

0.75 

9-15-5 

Dodecenyl-2-aminoethyl  ether 

1.8 

4.  5 

1,  4-Bi*(tsocyanatomethyl)  cyclohexane 

0.7 

9-15-4 

"Delta"  silane 

1.8 

6.0 

Menthane  diisocyanate 

0.7 

♦The  maximum  air  velocity  in  vhich  the  vapor*  can  be  ignited  with  a  Teala  coil. 
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APPENDIX  II 


FIGURE  1.  EQUIPMENT  FOR  DETERMINATION  OF 
IMPACT  PROPERTIES  OF  GELLED  JP-4 
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A.  Flow  Meter 

B.  Air-Vapor  Exit.  Cross-Sectional  Area:  0.7  cm2 

C.  Fuel  Gel  Container.  Cross-Sectional  Area:  10.0  cm2 

D.  Fuel  Gel.  Surface  Area:  31.0  cm2 

FIGURE  2.  EQUIPMENT  FOR  DETERMINATION  OF 
SPARK  IGNITION  TESTS 
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APPENDIX  III 
LITERATURE  SEARCH 


1.  Aim,  R.  M.,  U.  S.  Patent  2,  668,098  (to  Standard  Oil),  1954. 

C.  A.  48,  5486c  (1954). 

Gelling  normally  liquid  hydrocarbons  using  0.5  to  10 
weight  percent  of  a  metal  salt  of  an  aliphatic  zanthate 
having  a  polymethyl  alkyl  group  containing  between 
12  to  25  carbon  atoms. 

„  Beerbower,  Alan,  Richards  H.  A.,  U.  S.  Patent  2,455,  649 

(to  Standard  Oil  Development  Co.),  1948.  C.  A.  43, 1960c  (1949). 

Obtained  a  solidified  oil  using  a  mixture  consisting  of  3.  5 
parts  stearic  acid,  1.75  parts  wood  rosin,  3.0  parts  castor 
oil,  3.0  parts  kerosene,  85  parts  gasoline,  2  parts 
50  percent  aqueous  sodium  hydroxide,  and  2  parts  water. 

3.  Berezniak.  A. ,  "Sodium  and  Aluminum  Salts  of  Rapeseed  Oil 
Fatty  Acids  as  Thickening  Agents  for  Liquid  Fuels",  Biul. 
Wojskowej  Arad.  Tech.  Volume  6,  No.  32,  pp  21-35,  1957  . 

C.  A.  53,47111  (1959). 

The  sodium  and  aluminum  salts  of  fatty  acids  from  rapeseed 
oils  were  used  as  thickening  agents  to  prepare  gasoline 
gels.  The  monohydroxy  acids  were  found  to  be  the  most 
suitable  in  concentrations  of  less  than  10  percent  in 
gasoline. 

4.  Bertheir,  R.  F. 

French  Patent  860,  470  ( 194 1) 

French  Patent  860,  47 1  ( 194 1) 

French  Patent  860,  472  ( 194  1) 

French  Patent  860,  47 3  ( 194  1) 

Gasoline  is  mixed  with  alkali  soluble  tylose  and  caustic  soda 
to  give  a  gel.  In  French  Patent  860,471,  legumins  are 
mixed  with  above.  In  French  Patent  860,  472,  the  water 
solution  complexes  with  the  additives  in  French  Patents 
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860,470-1.  The  mixture  is  made  insoluble  by  adding  a 
heavy  metal  salt  such  as  CUSO4.  In  French  Patent 
860,  473,  Cn,  Zn,  or  A1  alginate  with  an  excess  of  NH3 
forms  gas  gels.  Evaporation  of  the  NH3  forms  insoluble 
alginates. 

5.  Bertheir,  R.  F.,  Labour,  J.  F.  P.  E. ,  French  Patent  948,  267, 
(1949).  C.  A.  45,  4032b(1951). 

Purified  alginic  acid  by  boiling  with  3  percent  barium 
hydroxide  and  sodium  hydroxide  for  6  hours.  The  free  acid 
is  then  filtered  and  dried.  Pure  alginic  acid  thus  formed 
will  gel  hydrocarbons. 

6.  Bertheir,  R.  F.,  Labour,  J.  F.  P.  E. ,  French  Patent  948,  268, 
(1949).  C.  A.  45.  4032b(1951). 

Gelled  hydrocarbons  by  mixing  an  alkali  metal  silicate  with 
the  hydrocarbon.  The  soluble  silicate  is  converted  to 
silicic  acid  which  gels  the  hydrocarbons. 

7.  Bertheir,  R.  F.,  Labour,  J.  F.  P.  E. ,  French  Patent  948,  269, 
(1949).  C.  A.  45.  4032b(1951). 

Silicate  gels  of  gasoline  may  be  stabilized  by  addition  of  a 
1-percent  solution  of  sodium  borate  or  aluminum  hydroxide. 

8.  Biswell,  C.  B. ,  U.  S.  Patent  2,  873,  178  (to  E.  I.  Du  Pont  de 
Nemours),  1959.  C.  A.  53,  9652b  ( 19 59). 

Gasoline  is  gelled  by  incorporating  0.05-1  weight  percent 
Cu++  followed  by  0.05-1  weight  percent  mercaptan  S.  The 
copper  is  introduced  as  the  naphthenate  and  the  mercaptan 
S  is  derived  from  a  primary  aliphatic  mercaptan. 

9.  Boulanger,  C.  L.  J. ,  French  Patent  955,  472,(  1950).  C.  A.  £5, 
9257g  (1951). 

Gasoline  is  dispersed  in  an  aqueous  colloidal  solution  such 
as  methyl  cellulose,  gelatin,  or  casein,  and  the  mix  is 
gelled  by  adding  a  10-percent  solution  of  an  ammonium 
salt  such  as  ammonium  borate. 
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Boulanger,  C.  L.  J.,  French  Patent  948,  740  ( 1949).  C.  A.  45, 
4032d  (1951). 

Gasoline  may  be  gelled  by  stirring  in  a  closed  rotating 
vessel  with  cellulose  zanthate  until  a  gel  is  formed  which 
may  be  coagulated  with  an  acid  bath. 

Bryant,  W.  C.,  Frost,  H.  Jr.,  U.  S.  Patent  2,  594,  286  (to 
Swan- Finch  Oil  Corp. ),  1952.  C.  A.  46,7  7  60g  ( 1952). 

Prepared  a  hydrocarbon  gelling  agent  by  amidating  polybasic 
acids  with  long  chain  primary  amines.  Required  concentra¬ 
tion  ranges  from  1  to  35  percent. 

Buchanan,  D.  M. ,  Menaul,  P.  L. ,  U.  S.  Patent  2,860,  103 
(to  Pan  American  Petroleum  Corp.),  1958.  C.  A.  53,  5653j 
(1959). 

Hydrocarbons  are  temporarily  galled  by  adding  2  to  10 
percent  aluminum  fatty  acid  sc  ip,  0.5  to  3  percent  water, 
and  a  nonionic  emulsifier  such  as  polyoxyethylene  sorbitan 
monolaurate. 

Carvley,  C.  M. ,  Carlile,  J.  H.  G. ,  King,  J.  G.,  Kingman,  F.  E. 
T.,  "Aluminum  Stearate  Gels  in  Light  Hydrocarbon  Oils",  J. 

Inst.  Petroleum,  Volume  33,  pp  649-72,  1947. 

A  study  of  peptizers  for  improving  the  stability  of  hydro¬ 
carbon  gels  together  with  a  discussion  of  deleterious 
agents  for  such  systems. 

Cier,  H.  E.,  Schutze,  H.  G.,  U.  S.  Patent  2,  794,  003  (to  Esso), 
3957.  C.  A.  52,  1 602d  ( 19 58). 

Hydrocarbons  are  gelled  by  the  formation  of  Na,  K,  Ca, 

Ba,  Hg,  and  A1  derivatives  of  oil  soluble  sulfonyl  chlorides  of 
saturated  paraffins  of  6  to  16  carbon  atoms  in  the  hydro¬ 
carbon  to  be  gelled. 


Cohen,  Leonard.,  U.  S.  Patent  2,718,462,  (1955).  C.  A.  49, 
1627 1  j  (1955). 


Aluminum  soaps  of  iaooctoic  acid  (prepared  from  mixed 
heptenea  by  oxo  procesa)  are  uaed  to  gel  liquid  hydro- 
carbona.  Concentration  a  in  the  range  of  1  to  4  percent 
form  viacoelaatic  gels. 

Continental  Oil  Company,  Britiah  Patent  916,  752,  (1963).  C.  A. 

58.  10033e  (1963). 


Gelling  agenta  for  gelling  hydrocarbona  for  incendiary 
devicea  are  prepared  by  treating  a  trialkylaluminutn  com¬ 
pound  with  SO2  in  the  preaence  of  hexane  at  -60*C.  On 
warming  to  room  temperature,  a  gel  ia  obtained. 

Copes,  J.  R.,  Mayhew,  R.  L. ,  Williama,  E.  P.,  U.  S.  Patent 
3,  012,  966  (to  General  Aniline  Corp. ),  1958.  C.  A.  56,  9017* 
(1962).  “ 

Hydrocarbona  are  thickened  or  gelled  by  mixing  and  heating 
or  storing  (1-12  daya)  0.  1  to  10  percent  of  a  compound 
(RC^H40(CH2)3C00jnM  where  R  ia  a  C^-  jq  alkyl  group, 

M  ia  H  or  an  alkali  metal  or  a  baaic  ammonium  group  auch 
as  (HOC^H^^N^  and  n  is  1  or  2. 

Donner,  Jules,  French  Patent  633,  731,  (1927).  C.  A.  22,  3762 
(1928).  ~ 

A  solution  of  soap  in  alcohol  with  lime  water  is  added  to 
hydrocarbon  fuel  to  gel  it.  To  restore  to  liquid,  a  small 
quantity  of  10  percent  CaCl^  in  water  is  added. 

Dunn,  F.  R..  Jr.,  Sauer,  R.  W.,  "Distillate  Fuel  Oil  Gel",  Am. 
Soc.  Testing  Materials.  Spec.  Tech,  Publ.  No.  244,  pp  47-56. 
1958.  C.  A.  54,  20176c  (I960). 

Mercaptan  content  of  fuel  and  exposure  to  brass  cause  fuel 
gelation  in  a  degree  proportional  to  the  aromatic  mercap¬ 
tan  concentration.  Aliphatic  mercaptans  have  a  lower  gel 
forming  character. 

Eigenberger,  E.,  "Aluminum  Salta  of  Higher  Fatty  Acids", 

Fette  U.  Seifen.  Volume  49,  pp  505-8,  1942. 


The  gelling  properties  of  aluminum  salts  vary  as  the  mono-, 
di-,  or  tri-basic  salts  are  formed  and  according  to  the  prop¬ 
erties  of  the  acid.  The  salts  of  saturated  fatty  acids  will 
form  gels  at  a  lower  concentration  than  will  the  correspond¬ 
ing  salts  of  unsaturated  acids. 

21.  Eneberg,  J.  E.  I.,  Swedish  P  .ent  174,147  (to  Foersuarets 
For skningsanstalt),  1961.  C  A.  .56,  I '733j  (1962). 

The  gelling  agent  consists  of  aluminum  soaps  of  fatty 
aliphatic  or  cycloaliphatic  acids  plus  an  oxidation  inhibitor, 
a  chelating  agent  such  as  triethylene  tetramine,  and  a  pro¬ 
tective  colloid  such  as  carboxymethyl  cellulose.  A  5-pe;*".ent 
solution  of  the  gelling  agent  in  commercial  motor  fuel  at 
15  to  30*C  after  0  to  10  minutes  dispersion  time  yields  a 
stable,  elastic  gel  after  1  day  of  storage. 

22.  Farbenind,  I.  G.,  British  Patent  339,  360,(192^.  C.  A.  25, 

2497  (1931). 

To  facilitate  storage  and  handling,  liquids  such  as  benzene 
have  formed  in  them  a  voluminous  network  of  solid  inorganic 
oxide  or  hydroxide  such  as  might  be  produced  by  the  action 
of  a  base  on  SnCl^,  Fe  CI3,  AlClj. 

23.  Farbenind,  I.  G.,  British  Patent  339,660,(1929).  C.  A.  25, 

2734  (1931). 

Numerous  details  are  listed  on  the  recovery  of  hydrocarbon 
liquids  from  gelatinized  materials. 

24.  Farbenind,  I.  G. ,  British  Patent  340,  575,  (1931).  C.  A.  25, 

2734  (  1931). 

Liquid  hydrocarbons  are  gelled  by  forming  in  them  a 
voluminous  framework  by  the  action  of  ammonia  or  abie*ic 
acid  or  pimaric  acid  in  the  material  to  be  gelled. 

25.  Faust,  J. ,  U.  S.  Patent  2,  454,  736  (to  L.  Sonneborn  and  Sons), 
1948.  C.  A.  43,  1959h  (1949). 
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Small  quantities  of  phthalic  acid  esters  convert  mineral 
oil  solutions  to  a  rubbery  gel. 

26.  Floyd,  D.  E. ,  U.  S.  Patent  2,  662,  068  (to  General  Mills),  1953. 
C.  A.  48,  4222a  (1954). 

The  addition  ox  polyamide  gelling  agents  to  hydrocarbons 
is  described.  These  materials  are  used  in  incendiaries 
or  flame  throwers.  The  polyamide  is  obtained  by  reacting 
acetylmalonic  er‘er  and  1,  3-diaminopropane. 

27.  Field,  G.  B.,  Markwood,  W.  H. ,  U.  S.  Patent  3,020,  133  (to 
Hercules  Powder  Co. ),  1962.  C.  A.  56,  1 19 14f ( 1962). 

Describes  the  use  of  aluminum  diisopropoxide  mono-sec* 
butoxide  as  a  gelling  agent  for  hydrocarbons  for  incendiary 
purposes. 

28.  Fiero,  G.  W. ,  "Hydrogenated  Castor  Oil  as  an  Ointment  Base", 
J.  Am.  Pharm.  Assoc.,  Volume  29,  pp  502-5,  1940.  ~.  A.  35, 
8512  (1941). 

Hydroxystearic  acid  is  a  jellifying  material  for  liquid 
petroleum  oils  when  used  in  quantities  of  1  to  2  percent. 
Higher  concentrations  will  form  gels. 

29.  Finkelstein,  L. ,  U.  S.  Patent,  2,  553,  568  (to  U.  S.  A.),  1951. 

C.  A.  45,  7354d  (1951). 

Incendiary  filling  for  bombs  is  prepared  by  mixing  3  parts 
stearic  acid,  88.  7  5  parts  gasoline,  5  parts  isobutyl 
methacrylate,  and  2  parts  calcium  oxide.  Careful  addition 
of  1.  25  parts  water  aids  in  control  of  thickening  rate. 

30.  Fitzsimmons,  V.  G.,  Merker,  R.  L.,  Singleterry,  C.  R., 
"Phthalocyanines  Lubricating  Creases",  Ind.  Eng.  Chem. 

Volume  44,  pp  556-63,  1952. 


A  nonsoap  gelling  agent  for  lubricating  greases  (phthalo- 
cyanine  pigment)  is  described.  Its  advantages  are  greater 
resistance  to  thermal  decomposition  and  oxidation  at 
temperatures  above  150*C. 
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Fischer,  K.  A.,  Hecht,  O.  F. ,  U.  S.  Patent  2,  610,  1 14, 

(to  U.  S.  A.),  1952.  C.  A.  £7,  3553h,  (1953). 

Gasoline  is  emulsified  by  stirring  with  an  equal  volume 
of  a  2-percent  aqueous  solution  of  sodium  polyacrylate. 

The  resultant  emulsion  is  gelled  by  adding  it  dropwise  to 
a  10-percent  solution  of  calcium  chloride.  • 

Gash,  V.  W.,  U.  S.  Patent  2,  976,  285  (to  Monsanto),  1961. 

C.  A.  55,  16574 b ( 196*). 

A  calcium  chelate  formed  between  calcium  salts  and  4- 
morpholine-4-(2-thienyl)- 3-butene-2-one  had  the  property 
to  gel  organic  chemicals  such  as  benzene,  chloroform, 
and  xylene. 

Gibson,  P.,Starmann,  R.  W.,  U.  S.  Patent  2,  982,  724  (to  Swift 
and  Co.).  1956.  C.  A.  56,  10463h  ' 1962). 

Kerosene  was  gelled  by  adding  1  weight  percent  hydrogenated 
menhaden  oil  fatty  acids  containing  a  surfactant  such  as  an 
alkyl  aryl  sulfonate.  The  acids  were  saponified  using  a 
25  percent  aqueous  solution  of  sodium  hydroxide. 

Goff,  W.  H.,  Banks,  W.  L. ,  U.  S.  Patent  2,  789,040  (to  Texas 
Co.).  1957.  C.  A.  51,  1 16l6i  (1957). 

Gelled  gasoline  may  be  formed  by  treating  gasoline  with  an 
oxidized  wax  and  sodium  hydroxide.  Preparation  of  the 
oxidized  wax  is  described.  Method  of  oxidized  wax-sodium 
hydroxide- gasoline  mixing  is  described. 

Gray,  U.  R.,  Alexander,  A.  E.,  "Composition  Structure  and 
Gelling  Properties  of  Aluminum  Soaps",  J.  Phys.  and  Colloid 
Chem. ,  Volume  53,  pp  23-9,  1949. 


Data  lead  to  a  polymeric  formula  for  aluminum  soaps  with 
linked  AlO  octahedra  joined  by  coordinate  linkages  and 
having  acid  chains  extended  sideways. 


Gregory,  J.  N.,  "The  Gelation  of  Gasoline  as  a  Flame  Thrower 
^ue^"»  J.  Council  Soc.  Ind.  Research.  Volume  19,  no  153-6 

ini/  **  * 


A  mix  of  5-  to  7-percent  16-mesh  "Geletral"  and  1  percent 
Ethyl  Cellosolve  in  gasoline  gave  a  gel  in  10-15  seconds. 
Geletral"  consists  of  10  percent  aluminum  oxide  and 
2  percent  3-napthol  as  an  antioxidant. 

Griesinger,  W.  K. ,  Canadian  Patent  424,  914  (to  Atlantic 
Refining  Co. ),  1945.  C.  A.  39,  12843  (1945). 

A  solid  gel  may  be  prepared  by  mixing  a  hydrocarbon 
distillate  with  0.  5  to  10  percent  by  volume  of  an  aqueous 
solution  containing  petroleum  sulfonates  and  5  to  15  percent 
of  a  10- to  40-percent  aqueous  alkali  metal  hydroxide. 

Haden,  W.  L.,Jr.,  Martin,  C.  O. ,  U.  S.  Patent  2,  885,  360  (to 
Minerals  and  Chemicals  Corp.  of  America),  1959.  C.  A.  53. 
17492c  (1959).  ~ 

Method  is  described  for  the  gelation  of  gasoline,  soybean 
oil,  etc.,  using  a  dispersed  natural  clay. 

Henning,  O. ,  "Gelation  of  Soaps  in  Hydrocarbons",  Kolloid  Z. . 
Volume  169,  pp  76-85,  I960. 

Discusses  the  use  of  stearic  acid,  oleic  acid,  etc.,  to  gel 
solutions  of  pure  sodium  stearate  in  hydrocarbons. 

Herron,  A,  O. ,  U.  S.  Patent  2,  684,  339  (to  Safety  Fuel  and 
Chemical  Corp.),  1954.  C.  A.  48,  1 1062g  ( 1954). 

Discusses  the  preparation  of  a  napalm  composition 
consisting  of  the  mixed  aluminum  salts  of  coconut  fatty 
acids,  naphthenic  acid,  and  oleic  acid. 


Hotten,  B.  W.,  U.  S.  Patent  2,  709,  157  (to  California  Research 
Corp.),  1955.  C.  A.  49,  1286  (1955). 


Symmetrical  and  unsymmetrical  N,  N'-diacylphenylene 


diamines  in  which  the  acyl  group  contains  1  to  22  aliphatic 
carbon  atoms  which  may  be  used  as  gelling  agents. 

Hotten,  B.  W.,  U.  S.  Patent  2,  698,  300  (to  California  Research 
Corp.),  1954.  C.  A.  49,  4984{(  1955). 

Long  chain  monoacylureas  may  be  used  as  gelling  agents 
for  lubricating  greases. 

Hotten,  B.  W.,  "Metal  TerepHhalamates  -  A  New  Class  of 
Oil-Gelling  Agents".  Ind.  Eng.  Chem. ,  Volume  49.  pp 
1691-4,  1957. 

The  procedure  for  the  preparation  of  substituted  terephthal- 
amates  is  given. 

Hotten  B.  W..  U.  S.  Patent  2,  674,  121  (to  California  Research 
Corp.),  1959.  C.  A.  53,  9649£(1959). 

Metal  salts  of  monoalkyl  terephthalates  were  used  as 
gelling  agents.  Preparation  procedure  for  monododecyl 
terephthalate  is  given.  This  material  converted  lubri¬ 
cating  oils  into  a  smooth  gel. 

Hunn,  J.  V.,  U.  S.  Patent  2,  618,  536  (to  Sherwin-Williams  Co. ), 
1952. 


Combination  of  a  liquid  hydrocarbon  and  0.  5  to  20  percent 
of  an  alkoxy  aluminum  carboxylate  having  a  general  formula 
[RO)n„,  A1  (XC=X)R' ]4_n. where  R  is  an  alkyl  radical 
containing  1  to  3  carbon  atoms  and  R'  is  an  aliphatic  radical 
containing  6  to  30  carbon  atoms  and  X  is  O  or  S  and  n  is 
1  to  4  on  the  average, produces  an  anhydrous  fuel  gel. 


Johnson.  E.  A..  U.  S.  Patent  2,  687,  175  (to  Standard  Oil),  1954. 

Hydrocarbon  gels  for  fracturing  oil-producing  formations  are 
prepared  by  adding  4  to  10  percent  of  a  bodying  agent 
(2-percent  alkali  metal  soap  plus  5-percent  acetylene  black) 
to  gasoline  or  kerosene. 


47.  Losev,  B.  I.,  "Solids  From  Liquified  Gases",  Nousti,  Neft.  i 
Gaz,  Tekhn,  Gaz,  Deld,  No.  3,  pp  30-4,  1961. 

Various  methods  are  given  for  converting  liquid  fuels  and 
liquified  petroleum  hydrocarbon  gases  into  solid  briquet. 
Storage,  transportation,  and  uses  of  the  bricks  are 
discussed. 

48.  Mason,  S. ,  Goldstein,  H.  B.,  Cotter,  J.  F. ,  U.  S.  Patent 
2,  758,  123  (to  Sun  Chemical  Corp. ),  1956. 

Aluminum  soaps  of  a  mixture  of  several  soap. forming  acids 
are  useful  for  gelation  without  heat  of  certain  solvents. 

49.  McBain,  J.  W. ,  Mysels,  K.  J. ,  Smith,  G.  H.,  "Studies  of 
Aluminum  Soaps.  VII.  Aluminum  Soaps  in  Hydrocarbons.  The 
Gels  and  Jellies  and  Transformations  Between  Them".  Trans. 
Faraday  Soc. ,  Volume  42B,  pp  173-80,  1946. 

The  aluminum  soaps  studied  are  di-and  monolaurate,  di¬ 
stearate,  dioleate,  dinaphthenate  in  benzene,  isooctane, 
heptane,  and  cyclohexane. 

50.  Mr  Roberts,  T.  S. ,  Schulman,  J.  H. ,  "Role  of  the  Hydroxyl 
Group  in  the  Gelation  of  Aluminum  Soaps  in  Hydrocarbons". 
Nature,  Volume  162,  pp  101-2,  1948. 

Results  of  studies  where  water  is  added  to  in- situ  pro¬ 
duced  solutions  of  aluminum  soaps  in  hydrocarbon 
solvents  (formed  from  aluminum  alcoholates  and  fatty 
acids  in  solvent)  are  described. 

51.  McRoberts,  T.  S. ,  Schulman,  J.  H. ,  "Gelation  of  Aluminum 
Soaps  in  Gasoline",  Proc,  Roy,  Soc.  (London),  Volume  A200, 
pp  136-48,  1950. 

OH 

i 

The  results  indicate  the  structure  Rj-Al-Rj  is  necessary 
for  gelation  where  R  is  a  fatty  carboxyl  group.  The 
addition  of  water  in  a  1:1  ratio  to  aluminum  is  necessary 
to  obtain  maximum  gelation. 
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52. 


Myerholtz,  R.  W. ,  U.  S.  Patent  2,056,401  (to  Standard  Oil  Co.), 
1960.  C.  A.  55,  7830c  (1961). 

The  interaction  of  alkali  metals  with  a  solution  of  a  natural 
or  Hynthetic  rubber  in  any  hydrocarbon  will  form  a  gel  if 
heated  to  46-48*C. 

53.  Mysels,  K.  J. ,  U.  S.  Patent  2,492.  173  (to  U.  S.  A.),  1949. 

C.  A.  44,  3247c  (1950). 

The  flow  of  thickened  fuels  was  investigated.  It  was  con¬ 
cluded  that  the  quantity  of  gasoline  which  can  be  pumped 
through  a  pipeline  in  time  T  can  be  increased  by  gelling  to 
a  thixotropic  gel  with  metal  soaps. 

54.  Mysels,  K.  J. ,  "Napalm  -  Mixture  of  Aluminum  Disoaps",  Ind. 
and  Eng,  Chem..  Volume  41,  pp  1435-8,  1949. 

Napalm  is  an  aluminum  soap  derived  from  a  mixed  sodium 
soap  of  coconut  and  naphthenic  and  oleic  acids.  It  is 
mainly  a  disoap  with  an  average  composition  of  0.8  percent 
water,  1.7  percent  inorganic  material,  and  7  percent  un¬ 
combined  materials  of  which  3  percent  are  unsaponificable 
and  70  percent  free  fatty  acids. 

55.  Oscar  Nevenschwander  and  Co. ,  Swiss  Patent  267,  080,  (1950). 
C.A.  45,  2193j  (1951). 

Aluminum  salts  of  2- ethylcaproic  acid  form  gels  with 
gasoline  or  solvent  naphtha  in  concentrations  of  3  to  6 
weight  percent. 

56.  Packter,  A.,  "Slow  Coagulation  and  Structure  Formation  in 
Concentrated  Sols.  I.  Factors  that  Determine  the  Stability, 

Surface  Potential, and  Rates  of  Gelation  of  Thixotropic  Insoluble- 
Metal-Salt  Sols".  Z.  PhysikChem.,  Volume  211,  pp  40-51,  1959. 
C.  A.  53,  1463d  (1959). 

Stability  of  thixotropic  sols  of  insoluble  metal  salts  with 
anisometric  particles  was  studied  experimentally. 
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Poswick,  J.,  Belgian  Patent  576,  110  (to  Ateliers  de  Constructions 
Electriques  de  Charleroi  S.  A. ),  1959.  C.  A.  54,  6154^1960). 

Gelation  occurs  when  stoichiometric  amounts  of  epoxy 
resin  (molecular  weight  1400  and  epoxy  equivalent  980) 
with  40-percent  triisocyanate  solution  (reaction  product 
from  toluene  diisocyanate,  3  moles;  hexane  triol,  1  mole; 
pnenol,  3  moles)  in  a  1:1  ethylene  gycol  acetate-diethylene 
glycol  diethyl  ether  mixture  are  combined. 

Ratzer,  A.  F.,  Levin,  D. ,  U.  S.  Patent  2,  870,  095  (to  Baker 
Industries,  Inc.),  1959.  C.  A.  53,  86l8f  (1959). 

Liquid  gelling  agents  for  liquid  hydrocarbons  are  prepared 
by  use  of  a  finely  divided  metal  salt  of  a  fatty  acid  sus¬ 
pended  in  a  monomethyl  ether  of  ethylene  glycol. 

Ring,  K.  A.,  U.  S.  Patent  2,  825,  409  (to  Shell  Development  Co. ), 

1958.  C.  A.  52,  11399{  (1958). 

Gels  are  formed  using  an  alkali  metal  soap  r-*  lull  oil  acids. 

Rinse,  J. ,  British  Patent  772,  144  (to  Hardman  and  Holden,  Ltd.), 
1957.  C.  A.  jil^  12549f  (1957). 

A  condensation  product  having  the  properties  of  a  gelling 
agent  is  obtained  by  heating  an  aluminum  alcoholate  of  a 
monohydroxy  alcohol. 

Rinse,  J. ,  British  Patent  809  ,  309  (to  Hardman  and  Holden,  Ltd.), 

1959.  C.  A.  53,  18863f  (1959). 

Preparation  of  aluminum-containing  polymers  is  described 
which  are  useful  as  gelling  agents,  thickening  agents,  and 
waterproofing  agents. 

Shulman,  G. ,  U.  S.  Patent  2,  763,  621  (to  Phillips  Petroleum  Co.), 
1956.  C.  A.  51,  699 6d  (1957). 

Preparation  of  hydroxy  aluminum  soaps  capable  of  gelling 
liquid,  light  hydrocarbons  is  described. 


63. 


Smith,  G.,  Rogers,  L.  B.,  Mysels,  K.  J.,  "The  Study  of 
Aluminum  Soap  -  Hydrocarbon  Systems:  Effect  of  Additives  and 
Metathesis".  J.  Am.  Oil  Chemists'  Soc.,  Volume  26,  pp  135- 
38,  1949.  C.  A.  £3,  3633^1949). 

A  study  was  made  on  the  effect  of  additives  on  the  rate  of 
gelation. 

64.  Stanley,  D. .  Belgian  Patent  622,  731,  (1963).  C.  A.  58,  13177 

(1963).  b 

Gelation  of  large  volumes  of  aliphatic,  aromatic,  or  halo- 
genated  hydrocarbons,  aromatic  alcohols,  or  ethers  was 
achieved  by  using  a  mixture  of  extracts  from  plants. 

65.  Sckhoretskii,  V.  M. ,  "Hardened  Fuel  for  Creating  Pyrotechnic 
Effects  for  Motion  Pictures".  Tekhn.  Kini  i  Televideniya, 

Volume  6,  No,  10,  pp  63-6,  1962.  C.  A.  58,  3263c  (1963). 

A  formula  is  given  and  special  apparatus  is  described  for 
preparing  fuel  briquets  for  use  in  pyrotechnic  displays. 
Kerosene  or  benzene  is  emulsified  with  a  solution  of  casein 
and  phenol-formaldehyde  resin  and  hardened  with  oxalic 
acid  and  formaldehyde. 

66.  Tamura,  K. ,  Japanese  Patent  8-82  (to  Meiji  Confectionary,  Ltd. ), 
1957.  C.  A.  52,  11448c  (1958). 

The  procedure  is  described  for  treating  an  aluminum  soap 
so  as  to  render  it  capable  of  forming  a  stable  gel  with 
vegetable  oil. 

67.  Turk,  W.,  Brenner,  A.,  French  Patent  836,341,  (1939).  C.  A. 
33,  55554  (1939). 

Benzene  or  gasoline  may  be  brought  to  a  gelatinous  state  by 
mixing  with  them  a  quantity  of  higher  organic  acids,  more 
or  less  sulfonated,  alone  or  mixed  with  a  salt  of  that  acid 
and  at  slightly  raised  temperature. 
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Van  Strien,  R.  E. ,  Towle,  P.  H. ,  U.  S.  Patent  2,  75 1,  283  (to 
Standard  Oil  Co. ),  1956.  C.  A.  50,  13483^(1956). 

Aluminum  soaps  are  used  as  gelling  agents  for  hydrocarbon 
liquids. 

Vaterroot,  P. ,  U.  S.  Patent  2,  719,  782  (to  Botany  Mills,  Inc), 
1955.  C.  A.  50  .  3764f  (1956). 

A  solid  gel  is  formed  by  the  addition  of  8  to  15  percent 
lanosterol  to  liquid  hydrocarbons. 

Villa,  E..  U.  S.  Patent  2,  801,  910,  (1957).  C.  A.  52,  l602f 
(1958).  ~ 

Production  of  a  high  heat  fuel  gel  is  described.  Procedure 
involves  mixing  of  liquid  fuel  with  a  long  chain  paraffinic 
hydrocarbon  or  polymer  thereof. 

Wheat,  J.  A.,  MacLeod,  D.  A.,  Dunlop,  R.  G.,  Sheffer,  H. , 
"Preparation  of  Aluminum  Octoate  and  Aluminum  Isooctoate". 

Can.  J.  Chem.  Eng.,  Volume  38,  pp  55-61,  I960.  C.  A.  54, 
14503g  (1960).  — 

The  aluminum  soaps  of  2-ethylhexanoic  acid  and  isooctanoic 
acid  have  been  prepared  as  hydrocarbon  gelling  agents. 

Woods,  D.  E. ,  Taylor,  A.  J. ,  "Preparation  of  Aluminum  Soaps 
by  a  Continuous  Process.  III.  Aluminum  2-ethylhexoate". 

J.  Appl.  Chem.  (London),  Volume  10,  pp  197-9,  I960. 

A  much  stronger  gel  was  obtained  with  aluminum  2-ethyl- 
hexoate  than  with  aluminum  laurate  or  nonanoate. 

Woods,  D.  E. ,  Taylor,  A.  J.,  Lord,  G.  I.,  "The  Production  of 
Hydrocarbon  Gels  by  Controlled  Feeding  of  Compressed  Aluminum 
Soap  Cylinders  into  Heated  Gasoline".  J,  Inst,  Petrol., 

Volume  48,  pp  333-8,  1962. 


A  pilot  plant  is  described  in  which  the  compressed  soap 
cylinders  were  fed  at  a  uniform  rate  while  being  mechanically 


disintegrated  into  a  stream  of  heated  gasoline  to  produce 
15  to  20  gallons  of  gel/minute. 

74.  Zhuze,  T.  P.t  "Gelation  of  Solutions  of  Normal  Paraffins  and  of 
Paraffinic  Petroleum  Derivatives",  Kolloid  Zhur, ,  Volume  12, 
pp  265-74,  1950. 

The  apparatus  and  results  of  stress  measurements  are 
given  for  a  paraffinic  gel.  The  apparatus  consisted  of  a 
plate  slowly  withdrawn  from  the  gel  with  stress  being 
determined  as  a  function  of  deformation. 
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II  IPOMIOaiMO  MILITANT  ACTIVITY 

US  Army  Transportation  Research  Coonand 
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II  ASSTNACT 

Progress  is  reported  on  rapid  methods  for  gelling  aircraft  fuels.  The 
most  promising  systems  consist  of  amines  and  diisocyanates.  The  properties  of 
the  gel  are  influenced  by  the  structure  of  the  amine  and  isocyanate.  Various 
types  of  gels  can  be  produced.  These  include  particulate,  viscoelastic,  and 
dilatant  gels.  Gelation  rates  as  fast  as  0.'J4  second  were  obtained.  In  addition, 
several  systems  will  rapidly  gel  fuel  from  -55*C  to  60*C.  The  results  show  that 
the  various  gels  will  retard  the  burning  rate  of  the  fuels  and  will  contain  the 
fuel  while  burning.  The  viscoelastic  and  dilatant  gels  have  excellent  impact 
properties.  The  gelation  of  aircraft  fuel  will  significantly  decrease  the  fuel 
vaporization  rate.  A  comparison  was  made  of  the  various  gels  prepared.  Some  of 
the  gels  are  almost  as  effective  at  2.5  weight  percent  concentration  as  at  a 
concentration  of  4.0  weight  percent. 
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